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FOREWORD

Volume I of this report presents the technical details of the crack-growth
prediction methodology developed in a research program entitled "Improved
Methods for Predicting Spectrum Loading Effects." This program was adminis-
tered by the Flight Dynamics Laboratory of the Air Force Wright Aeronautical
Laboratories, Wright-Patterson Air Force Base, Ohio, under Contract F33615-77-
C-3121, Project 2401, "Structural Mechanics," Task 240101. "Structural Integ-
rity for Military Aerospace Vehicles," Work Unit 24010120. Robert M. Engle
(AFWAL/FIBE) was the Air Force project engineer.

This research program was primarily conducted by personnel from the
Fatigue and Fracture Mechanics Group, Dynamics Technology, Structure Systems,
supervised by George E. Fitch, Jr., supervisor, Joseph S. Rosenthal, manager,
and Dr. Leslie M. Lackman, director. James B. Chang was the program manager
and the principal investigator of this research program. Principal contribu-
tors to the program in addition to the authors were Edward Lkein and Ko-Wei
Liu. Drs. Masanobu Shinozuka, Rimas Vaicaitis, and Jan-Nan Yang contributed
to phase I, Spectrum Loading Characterization Methodology Development Task.

In addition to this Technical Summary, five other reports have been pre-
pared documenting test data and the resulting computer programs described in
this report. Three reports are available upon request from AFWAL/FIBE, Attn:
R.M. Engle, W-PAFB, OH 45433. The additional reports are:

AFWAL-TR-81-3092, Volume II, "Improved Methods for Predicting Spectrum
Loading Effects: Test Data"

AFWAL-TR-81-3093, Volume I, "A User's Manual for a Detailed Level Fatigue
Crack Growth Analysis Computer Code: The CRKGRO Program

AFWAL-TR-8l-3093, Volume II, "A User's Manual for an Interactive Graphics
Crack Growth Analysis Program: INTERACTIVE CRKGRO"

AFWAL-TR-81-3094, "A User's Manual for a Computer Program to Predict
Fatigue Crack Growth on a Flight-by-flight Basis: FLTGRO"

AFWAL-TR-81-3095, "Revised Structural Technology Evaluation Program (STEP)
User's Manual for Structural Synthesis" Accession For
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1.0 INTRODUCTION

1.1 BACKGRCN

Implementation of current Air Force structural integrity philosophy as
defined in Military Standard MIL-STD-1530A, Aircraft Structural Integrity Pro-
gram (ASIP), Airplane Requirements,(1 ) requires the capability for accurate
and efficient prediction of crack-growth under exceedingly complex service
loadings, in either ordered spectrum or random spectrum format. A considerable
amount of experimental data exist which demonstrate significant increase in
fatigue crack-growth life due to the presence of tensile overloads in spectrum
loading. More recent data have shown that compressive loads reduce the retard-
ation effects caused by overloads. Several analytical models have been devel-
oped for predicting these load interaction effects. They rely on processing
the load history op either the stress level by stress level basis for ordered

spectra, or the cy~le-by-cycle basis for random spectra. For complex and long
flight load histories, the data preparation time and computer cost become
excessive.

Furthermore, since the current ASIP requires implementation of damage-

tolerance control procedures throughout the life cycle of any aircraft
system, the capability for assessing the impact of damage-tolerance require-
ments is needed from the preliminary design stage, through the detailed stress
analysis stage, to the tail number tracking and life extension programs for
production system. Usualy, there are different requirements on the predictive
accuracy in the performance of crack-growth analysis in each of the aforemen-
tioned stages. For instance, it is not cost-effective to perform a very
detailed crack-growth analysis when only an order-of-magnitude-type comparison

between flight spectra is needed in the preliminary design stage. Trade-offs
should be made between the accuracy of the prediction needed and the sophistica-
tion of model used in the analytical prediction methodology. Hence, the need
for the development of different levels crack-growth prediction methodology
is obvious.

1.2 PROGRAM OBJECTIVE AND SCOPE

The objective of this program was to develop the improved crack-growth
prediction methodology required for implementation of the damage-tolerance

control procedure, from the preliminary design stage, through the detailed
design analysis stage, to the force management stage of any weapon system.
This program developed analytical models for characterizing spectnn loading
relative to its effects on crack growth. Trade-offs were identified between
life prediction sensitivity and model sophistication. Three levels of
crack-growth analysis were considered:

.......



1. Detailed crack-growth analysis which would be capable of predicting
the load interaction effects commensurate with the cycle-by-cycle
capability.

2. Parametric crack-growth analysis which would be capable of predicting
effects due to change in aircraft usage or mission mix.

3. Preliminary design analysis which would provide rapid comparative
analysis which realistically accounts for spectrum load interaction
effects on crack growth.

2



2.0 PROGRAM SUMMARY

To accomplish the program objective, a research effort which consists
of the following three phases has been conducted at Rockwell International,
North American Aircraft Division (Rockwell/NAAD):

Phase I - Identification of Controlling Damage Parameters

Phase II - Development of Prediction Methodology

Phase III - Experimental Verification

In phase I, three interrelated tasks were performed. Task I-i conducted
an evaluation of the state-of-the-art of currently used methods for analyzing
fatigue crack-growth behavior under spectrum loading. Experimental data
generated from research programs sponsored by the Air Force were used in the
evaluation. Task 1-2 developed a general method for characterizing flight
loadings such that the cycle-by-cycle crack-growth analysis could be elimin-
ated. A statistical approach which replaces the actual stress history with a
simplified history was developed. To aid in formulation of the procedure,
an experimental test program was conducted. From experimental results, sig-
nificant parameters which control the rate of damage, such as stress levels
and ratios, and the load interaction effects, such as tension overload retard-
ation, compressive load acceleration, reduction of retardation by compressive
loads, etc, were identified. Task 1-3 established guidelines for development
of three levels of crack-growth analysis: detail design, individual aircraft
tracking, and preliminary design. All technical findings and test data gen-
erated in phase I were documented in the Phase I Final Report. (2,3)

Three tasks were conducted in phase II. Task II-1 was the formulation
of an advanced life-prediction methodology used for detailed crack-growth
analysis. As a result, a two-dimensional (2-D) crack-growth computer program,
CRKGRO, which incorporates an improved load interaction model and uses the
most efficient damage accumulation scheme, was developed. CRKGRO also provides
graphical output options such that users are able to obtain plots, including
crack length (a) versus number of flights, growth rate per flight (da/df)
versus number of flights, etc. Furthermore, CRKGRO provides the option for
users to perform a parametric study. Parameters such as limit
stress levels (cli ) and fracture toughness (Kc) values are currently availa-
ble to be includedin performance of the parametric study of the crack-growth
behavior for various types of cracks commonly detected in the airframe
structures. Reference 4 presents instructions for executing CRKGRO.

i3

I7

W!



The second task performed in phase II was the formulation of a crack-
growth analysis methodology for use in the individual aircraft tracking (IAT)
program. A computer routine, FLTGRO, was developed to meet the needs. FLTGRO
uses a statistical approach to convert the random cycle-by-cycle flight spec-
trum to either a one-cycle-per-flight or multisegment-per-flight format,
saving costs substantially. The FLTGRO program also provides graphical out-
put options such that the updated crack-growth behavior based on the real-
service flight data can be plotted against the crack-growth behavior based on
the designed spectrum. The User's Manual of FLTGRO is documented in Reference 5.

Task 11-3 was the implementation of a fatigue crack-growth analysis
methodology into the Automated Predesign of Aircraft Structures (APAS III)
computer program(6). APAS III is a highly modularized program which is the
structural synthesis procedure used within the Structure Technology Evalua-
tion Program (STEP) developed by General Dynamics for the Air Force(7 ). A
crack-growth analysis module, PREGRO, which is the modified version of FLTGRO,
was the final selection incorporated into APAS III. PREGRO realistically
accounts for tensile overload retardation and compressive load acceleration
effects to fatigue crack growth. Hence, an unnecessary weight penalty or

unsafe design can be avoided in the preliminary design stage of any weapon
system. To broaden the usage of the APAS III program, a load spectrum for
an air-to-air lightweight fighter has been incorporated into APAS such that
APAS can be used for the evaluation of fighter-type airplanes in addition
to transport-type airplanes.

An experimental verification program was conducted in phase III to verify
the crack-growth prediction methods developed in phase II. This program con-
sisted of two major tasks. The first task was a test program which contained
two primary test groups: Group I - Fighter Spectrum Loading Test, and Group
1I - Transport Spectrum Loading Test. The second task was the performance
of analytical predictions using the computer codes CRKGRO and FLTGRO developed
in phase II. Analytical predictions were then correlated with the test data.

All spectrum tests were conducted at the Structure Test Laboratory of
Rockwell/NAAD El Segundo facilities. The test specimens were the standard
ASTM center-cracked tension (CCT) panels( 8) machined from a single heat of
2219-T851 aluminum plates. The center notches were installed through the
electrical discharge machining process. Test specimens were precracked before
the application of spectrum loading. All tests were conducted employing the
300K MT'S fatigue testing system. The randomized spectrum loads were controlled
by the Datum Servosystem 70, a computer-controlled fatigue test system.

For the Group I tests, four baseline load spectra of the F-15 fighter
aircraft furnished by the Air Force were used to generate the fighter baseline
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test spectra and their variations. These baseline spectra were the air-to-air
(A-A) mission, the air-to-ground (A-G) mission, the instrumentation and
navigation (I-N) mission, and the composite mission. All baseline spectra
were in the random cycle-by-cycle format. The peak and valley of each cycle
were in the form of percentage of design limit stress.

Twenty-one spectrum variation tests were conducted in the Group I test
program. All spectra variation were developed from the aforementioned base-
lines. The variations considered in the tests included stress level, com-
pression load, high load clipping, low load truncation, and mission sequence.
In addition to the spectrum variation tests, eight mission-mix variation tests
were also conducted in Group I. The A-A, A-G, and I-N missions were used to
develop the mixed missions.

For the Group II tests, a typical transport composite mission spectrum
furnished by the Air Force in phase I was again used as the baseline. The
baseline test was conducted with the initial crack at a slightly different
size than that in the phase I test program. (3) Seven transport spectrum var-
iations were derived from the composite baseline spectrum. Again, stress
level, compressive stress, and low load truncation were the primary variations
tested.

Fatigue crack-growth predictions applying the cycle-by-cycle crack-growth
analysis methodology were performed through the use of CRKGRO. Analytical
predictions were also made by using the FLTGRO program, which employs the
spectrum characterization method developed in phase I. Analytical predictions
obtained from CRKGRO and FLTGRO were then correlated to the crack-growth test
data. To assess the prediction accuracy of each method, the ratio of the
predicted crack-growth life to the test crack-growth-life, Np/NT was calculated
for each test case. Results show that for the 33 fighter spectrum test cases,
the average prediction ratio obtained by CRKGRO was Np/NT = 0.88 with an 0.17
standard deviation. For the eight transport test cases, the average CRKGRO
prediction ratio is Np/NT = 1.0S with an 0.35 standard deviation. When all
41 test cases were combined together, the average CRKGRO prediction ratio was
Np/NT - 0.92 with an 0.22 standard deviation. The average FLTGRO prediction
ratio for the fighter spectrum cases was Np/NT = 1.04 with an 0.26 standard
deviation; for the transport cases, the average FLTGRO prediction ratio was
1.50 with an 0.34 standard deviation. The combined FLTGRO prediction ratio
was 1.13 with an 0.33 standard deviation. The results of the experimental
verification task demonstrated that the predictability of the crack-growth
analysis methods developed in this program is well within the required accuracy.

S
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3.0 DEVELOPMENT OF DETAILED CRACK GROWTH ANALYSIS METHODOLOGY

For the performance of detailed damage tolerance and durability analyses
as specified in MIL-STD-1530A, a reliable and accurate analytical prediction
methodology is needed. In phase I of this research effort(1 ), guidelines for
the development of such a crack growth analysis methodology have been esta-
blished. The following are some highlights:

1. The crack growth analysis procedure will be developed based on the
principles of linear elastic fracture mechanics (LEFM). A mathe-
matical model with the crack growth per cycle, da/dN, as the depen-
dent variable and an appropriate function, f(K,R), as the
independent variable will be chosen to represent the crack-growth-
rate relationship, where K is the crack-tip stress intensity factor
and R is the cyclic stress ratio.

2. A state-of-the-art load interaction model will be incorporated into
the crack-growth analysis methodology. The load interaction model
chosen will be capable of accounting for the effects of interactions
of various types of load cycles, including the tensile overload re-
tardation, faster growing rate due to the existence of the compressive

loads, and the reduction of retardation by compressive load immedi-
ately following the tensile overload. Furthermore, there will be no
excessive data or lengthy computation needed in the analysis.

3. The integration scheme adopted in the detailed crack growth analysis
will be efficient, such that there will be no excessive computation
cost in the operation.

4. The change of aspect ratio will be accounted for in predicting
crack growth lives of part-through cracks or corner cracks at
fastener holes.

Efforts denoted in the methodology development phase (phase II of this
program were divided into four steps. The first step was to select the most
applicable state-of-the-art crack-growth-rate equation, the most versatile
load interaction model, and the most efficient integration scheme. The
second step was to organize the framework of the computer software which
implements the selected crack growth prediction method. The third step was
to formulate the stress intensity factor (K) solutions for the most commonly
seen crack configurations and to incorporate these K-factor solutions
into the crack library which is a collection of subroutines, each subroutine
containing a K-factor solution for a specific crack geometry. The last step
was to prepare the user's manual for the computer software.
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3.1 SELECTIONS OF FATIGUE CRACK-GROW.TH-RATE RELATIONSHIP

For the performance of a detail crack growth analysis using a
deterministic approach, the following elements are interrelated:

1. A fatigue crack-growth-rate relationship and the corresponding growth
rate constants

2. Initial crack types, sizes, and geometries of the body containing

such cracks.

3. Crack-tip stress intensity factor solutions

4. An integration procedure

The fatigue crack-growth-rate data of commonly used metallic structural
materials presented in the literature took the following forms:

1. Tabulated form - data were tabulated along with the test variables

2. Graphical display - data were plotted on a chosen coordinate system

3. Mathematical form - data were represented by a mathematical equation

In the performance of fatigue crack growth analysis, the common practice is to
perform numerical integration on a given crack-growth-rate equation (sometimes
incorrectly called a crack growth law).

In general, the instantaneous rate of change of the crack size per cycle
(da/dN) is chosen as the dependent variable in the crack growth equation.

However, the independent variable chosen in the literature varies widely from
one to another. Prior to the development of the LEFM, the independent vari-
able selected in most crack-growth-rate equations varied from one to another.
They were selected to account for parameters which influence the fatigue
crack growth behavior. These included the crack size, a; maximum cyclic stress,
amax; stress ratio, R; and other parameters such as environment, Env; tempera-

ture, T; frequency, f; and stress concentration factor, kN. In general form,
the fatigue crack-growth-rate equations were expressed as

da/dN = f(a, amax, R, T, f,....)

Numerous crack growth rate equations in this form were proposed in the 1950's

and early 1960's. Several of them were briefly described in the phase I
report. () Others can be found from the literature.

The first fatigue-crack-growth-rate equation based on the LEFM concept was
proposed by Paris. The famous Paris' fatigue crack-growth-rate equation assumes
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that the intensity of the crack-tip stress field (the crack-tip stress
intensity factor, K) is the controlling parameter to the cyclic crack growth;
i.e.,

da/dN = f(K)

From data of 7075-T6 and 2024-T3 aluminum alloys, Paris suggested the
following equation, which is often referred to as Paris' power law(9).

da/dN = C(M)n

where C and n are experimentally determined constants, and AK = Kmax - Kmin is
the stress intensity factor range.

Paris' rate equation results in a straight-line presentation on a double-
logarithm scale with da/dN plotted on the ordinate and AK plotted on the
abscissa. The exponent n corresponds to the slope of the straight line, and
the coefficient C is the growth rate interception corresponding to a unit
value of AK.

As more test data were generated from fatigue crack growth testing under
various loading conditions, it became obvious to many investigators that the
simple Paris equation was not adequate in describing the cyclic crack growth
characteristics for a given material under all types of loading conditions.
Various modifications to Paris rate equation were proposed in the past 20
years. These included the Forman

(I0), Walker( II), Collipriest (12) , Boeing ( 13 )

Grumman(14), three-component(15 ), modified Walker(16) equations, etc. A
review of the state-of-the-art equations was conducted in phase I. Brief
descriptions of these modified rate equations were documented in the phase Ireport( 2) .

In the state-of-the-art methods evaluation task conducted in phase I,
important criteria for choosing a constant-amplitude crack-growth-rate
equation to be incorporated into the detailed-level crack growth analysis
computer module were established, including:

1. It will represent the cyclic crack-growth-rate characteristics in
the rate range which is normally of interest to aircraft detailed
design analysis.

2. It will be compatible with the selected load interaction model. The
load interaction model will account for the retardation effect of
the overload contained in the tension (positive stress ratio) cycles
and the acceleration effect of the compressive load in the tension-
compression (negative stress ratio) cycles.

3. The selected crack-growth-rate equation will be in a relatively
simple form such that it can be adopted easily for performing the
hand calculations.
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Two crack-growth-rate equations which were judged to be the best
candidates amng all state-of-the art equations for performing the detailed-
level crack growth analysis were examined. They were the modified Walker(16)
equation (also identified as Rockwell's equation throughout this report) and
the three- component (15) equation.

The Walker equation was formulated based on Walker's effective stress
concept, which was developed to account for the stress ratio effects on
fatigue crack growth behavior. In the original form, the Walker's effective
stress was defined as(11 )

=~ 1-m rm

max

where m is an empirical constant and .6a = a max -amin is the stress range.

In terms of the effective stress, the Walker equation can be written as

da f f(C A) f( )

where LK is the effective stress intensity range.

Based on Paris' fatigue crack-growth-rate model ) , the Walker equation
can be rewritten in the following form:

da CIn

= C fr1-m A ]n

= C[( 1 - R)m Kmax]

where Kmax is the maximum stress intensity factor and C and n are crack-growth-
rate constants.

The crack-grout.th-rate equation currently employed in the Rockwell in-

house-developed fatigue crack growth analysis computer program, EFFGRO(16 ) , is
a modified version of the Walker equation. It was formulated in terms of
the stress itensity factor range AK instead of K . In addition, themax.
modified Walker equation adopts the threshold stress intensity factor range
concept and the cutoff stress ratio approach. The threshold stress intensity
factor range (Kth) is defined as the threshold value of AK, below which there
is not fatigue crack growth. The cutoff stress ratio, Rc*t, is defined as the
cutoff value of the positive stress ratio R, above which no further layering
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is shoun in the da/4N versus AK plot. In terms of 6K and AKth, the
modified Walker equation can be expressed as:

for AK > AKth

_________in 0 ! R! Rt t = R

da J__ cut1N =C )-m 0 > R +  R= R
1 -1 cut' cut

for AK g AKth

da-= 0
dN

The three-component model was developed by Hudak, et al (15) based on
adding the material resistance to fatigue crack growth ((da/dN)-), in the
three regions of log (da/dN) versus log (AK) plot. A mathematical represen-
tation of the R-dependence of da/dN using the three-component model takes the
following form:

a da- I A1 (R) A 2 (R) A 2 (R)

( n 1 n 2  n 2\N (AK) CAK (I - R) K c

In the preceding equation, the functions AI(R) and A2 (R) directly domi-
nate the stress ratio dependencies in regions Iand 11, respectively. Region
I is the slow-growth region, ,.ith the growth rate, da/dN, in general, less
than 10- 7 in./cycle, while region 11 is the intermediate growth region. The
crack growth rate in region II is between 10- 7 and 10- 3 in./cycle. The onset
of instability in region III is described by the term (l-R) Kc, where Kc is a
fitting parameter.

SA study of the predictive accuracies of the three-component model and the
modified Walker equation ha; been conducted using EFFGRO. Experimental
crack-growth-rate data for 2219-T851 aluminum alloy at vario s stress ratios
generated by Hudak, et al(15, was used as the material data hase because
they covered a wide range (from 10-9 to 10-3 in./cycle at various stress
ratios, as shown in Figure 1.
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The three-component model predictions employed the rate constants
generated by Hudak, et al, for this selected 2219-T851 aluminum data set,
as follows:

nI = 12.5

n2 = 3.3

14 15
(R) = 1.41 x 10 (1 - R) , 0.1 : R < 0.5;I 9
(R) = 4.3 x 109, R k 0.5

8 0.92
A2 (R) = 4 x 10 (1 , 0.3 < R , 0.8;I 8
A2 (R) = 2.72 x 108, R = 0.1

K = 35 ksi -7.
C

The stress ratio (R) dependency of the coefficients AI(R) and A2(R) for
2219-T851 aluminum is shown in Figure 2. For values between 0.1 and 0.5.
AI(R) is very sensitive to the stress ratio. For values beteen 0.5 and 0.8,
Al(R) remains virtually constant. On the contrary, the coefficient A2(R)
varies by a factor of 3 between R = 0.1 and 0.3. For R-values between 0.3
and 0.8, the variation in A 2 is shown in Figure 2b.

The modified Walker equation prediction employed growth rate constants
(C, n, and m) determined by a computer graphical plotting routine, PLOTRATE(17),
from the identical set of 2219-T851 aluminum alloy data. PLOTRATE determines

the corresponding rate constants for a specified growth rate equation by
curve fitting the crack-growth rate dependent variable da/&N versus any indep-
endent variable f(K,R), in a specific form on a double-logarithm scale. The
original input data formats to the PLOTRATE program are: (1) crack growth
data consist of crack size "a" and corresponding load cycles, and (2) values

a of da/dN and corresponding Kma x or AK = (l-R) Kmax. The PLOTPATE program was
modified to add digitizing ability such that the crack-growth-rate data
presented in log (da/dN) versus (AK) or log (Kmax) forms can be traced through
a subroutine, DTIZ, and then automatically input to PLOTRATE.
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For the modified Walker equation, f(K,R) =l-R) m %,ax Figures 3 and 4
show this set of crack-growth-rate data plotted in da/dN versu< (1-R)mKmax
format for M=0.4 and 0.6. When m= 0.6, the stress ratio layering effects for
2219-T851 aluminum reduced to minimum. Therefore, the Walker stress ratio
collapsing factor m = 0.6 was chosen. The corresponding C and n values for
m = 0.6 are automatically determined by PLOTRATE through a least-square
fitting procedure as:

2.004 x 10  (in ksi unit)

n = 4.36

Other parameters used in the modified Walker equation for predictions are

AKth = (l-R)AKth
0

where

AK = 2.5 ksi lTin.
0

R = 0.75
cut

To investigate the applicable range of these two rate equations, a
center-through crack contained in a 6-inch-wide panel subjected to constant-
amplitude loads with the maximum stress at a moderate level (a ma x = 20 ksi)

case was considered. The initial crack size chosen for the stu y was Ci =
0.005 inch in order to cover the growth behavior in the slow growth region
(da/dN < 10- 7 in./cyc). Crack growth behaviors predicted by EFFGRO using the
modified Walker equation and the total range growth rate constants above
were plotted as shown in Figures 5 and 6 for R = 0.1 and 0.3, respectively.
For comparisons, parallel runs were made by EFFGRO using the three-component
model and the corresponding rate constants. Results of the three-component
model predictions were plotted against the modified Walker equation predic-
tions shown in Figures 5 and 6. At R = 0.1, the crack-growth life
from C. = 0.005 to C = 0.8 inch predicted by the modified Walker equation was
&N = 110 x 4,000 = 40,0(U cycles. Compared with AN = 1,268,000 cycles pre-
dicted by the three-component model, a factor of 3 shorter in life prediction
resulted. At R = 0.3, for the same crack growth interval (0.005 to 0.8 inch),
the crack growth life predicted by the modified Walker equation differs only
9 percent to that predicted by the three-component model.

In general, for damage-tolerance analysis of airframe structures, the
growth rate range is between 10- 7 to 10- 3 inch per cycle. Hence, to assess the
ability of the modified Walker equation in performing damage-tolerance
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analysis, only those data points in Figure 1 with da/dN 10- 7 in./cycle above
input to PLOTRATE by using the interactive system through DTIZ. Fatigue
crack-growth-rate data for da/dN _ 10-7 in./cycle plotted in da/dN versus aK
format by PLOTRATE are shown in Figure 7. The stress ratio (R) effect is still
clearly shown. Again, various values of m were selected using PLOTRATE to
plot the da/dN against the independent variable of the modified WalkerRm
equation, f(K,R) = (1-R) K , on a double-logarithm scale. Results showed
that m = 0.6 was still them st choice. The corresponding growth rate
constants determined by PLOTRATE are shown in Figure 8 as:

C = 7.212 x 10- 10 (in ksi units)

n = 3.84

Fatigue crack growth behaviors of the same center-through crack under the
identical loading conditions were repredicted by EFFGRO using the modified
Walker equation with the previously listed rate constants. For the orax = 20 ksi,
R = 0.1 case, the initial crack size was selected to be C- = 0.013 in. Theinitial crack growth rate at this size is 1.2 x 10- 7 in./cycle. For the

amax = 20 ksi, R = 0.3 case, a 0.016 initial crack size was selected. Crack
growth behavior predicted by the modified Walker equation using the new set of
rate constants for da/dN 2t,0- 7 in./cycle is shown in Figures 9 and 10. For
comparison, the three-component model predictions were reanalyzed by EFFGRO.
The same wide-range rate constants were used in the predictions. The predicted
growth behavior was plotted against the modified Walker equation predictions
shown in Figures 9 and 10. Results show good agreement between the three-
component model and the modified Walker equation predictions for crack-growth-
rate above 10-7 in./cycle.

It was decided to adopt the modified Walker (Rockwell) equation as the
fatigue-crack-growth-rate equation in the to be developed computer program
due to its simplicity, which was one of the major criteria used in selection
of the rate equation.
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3.2 LOAD INTERACTION MDDEL SELECTIONS

The service loadings of aircraft are variable amplitude in nature.

Various load interaction effects on the crack growth behavior under variable
amplitude loading have been observed and studied by many investigators.
The general effects can be summarized as follows:

1. Tensile overloads introduce significant retardation of the crack

growth. The retarded growth sometimes does not immediately follow

the overload cycles. Some data indicate that if the overload is

sufficently high with respect to the following load levels, the

crack may even stop growing.

2. Compressive loads in tension-compression or compression-
tension cycles (negative stress-ratio cycles) tend to

accelerate the crack growth rate.

3. Tensile underloads in a low-high sequence of loading tend to

accelerate the crack growth rate immediately following the

low-high transition.

4. A block of overload cycles with the same amplitude tend to retard
the crack growth more than a single overload cycle.

Various mathematical models have been proposed by numerous investigators

to account for the load interaction effects on fatigue crack growth behaviour

under variable amplitude loadings. Most widely used are the Wheeler retarda-
tion model(18), Willenborg retardation model(19), Vroman retardation model( 20),
Elber closure model(21) and their modified versions; i.e., the generalized

closure model developed by Bell, et al( 22), the contact stress model formula-
ted by Dill, et al( 23), and the Vroman/Chang model proposed by Chang(24). A
review of these models was conducted in phase I.

Guidelines for choosing a load interaction model used in the detailed

crack growth analysis program were also established as a result of the
state-of-the-art methods review. The following items summarize the

guidelines presented in the phase I technical report( 2).

1. The load interaction model will be able to account for the
retardation effect due to existence of tensile overload cycles, the
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acceleration effect caused by compressive loads and the coupling
effects such as reducing retardation by compressive load cycles
immediately following the overloads.

2. The model will be compatible with the constant-amplitude fatigue
crack-growth-rate equation used in the computer program.

3. The model will be simple and contain a limited amount of empirical
constants such that no excessive test data need to be generated.

4. The model will be easily implemented in the computer program.
Furthermore, there will be no lengthy calculation involved in
applying the load interaction model.

Rigorously speaking, none of the existing models reported in the litera-
ture meet all the requirements listed above. For example, the crack closure
model proposed by Bell, et al( 22), has been shown in the literature consis-
tently providing fairly good predictions for a variety of loading conditions.
However, their closure model is strictly an empirical model. Variable-
amplitude test data, in addition to constant-amplitude data, are required for
each material where predictions are required. Consequently, if the crack
closure model is used on production-base detailed crack growth analysis rather
than a specific research project, conducting an extensive test program will be
necessary to generate the required data base for several candidate materials.

The contact stress model, on the other hand, is based on the analysis of
crack surface contact stresses. The contact stresses behind the crack tip
are found by treating the potential interference as a wedge between the sur-
faces and performing an elastic-plastic analysis of the stresses caused by
this wedge. Dill, et al( 23), employed a finite-element model consisting of
25 constant stress elements to idealize the wedge. Bueckner's weight function
approach(25) was used to develop an influence coefficient matrix for the
displacement stress relationship between elements. The analysis was
interactive so that a solution was determined wherein the maximum contact
stress was limited to the yield strength of the material. In its basic form,
this spectrum crack growth prediction method is not cost effective for per-
forming crack growth analysis in the detailed design stage of a weapon system
development. Some techniques have been developed to accelerate the analysis
for spectrum predictions.

The effective stress model developed by Willenborg, et al(1 9), assumes
that the overload retardation effect on crack growth is caused by variations in
the local stress field as the crack grows through the compressive residual
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stress zone produced by the overload. The "effective stress," which is de-
fined as (W)eff - 0' - ORED, is then employed to calculate the effective stress
intensity factor range, (AK)eff, and the effective stress ratio, Reff. It can
be shown that the value of (AK)eff is the same as that of AK; thus, the
Willenborg model actually predicts retardation by depressing the effective
stress ratio, Reff = (Oamin - aRED)/(aOmax - aRED), below that remotely applied,
while keeping the effective stress intensity factor range unchanged. The
Willenborg model predicts that maximum retardation will occur immediately
after application of the overload and that the growth rate will return to its
constant-amplitude counterpart when the current interaction zone reaches to
the end of the overload interaction zone. It also can be shown that the
Willenborg model predicts zero crack growth rate for the case when the over-
load ratio is two (the so-called overload shutoff ratio). Test results ob-
tained by several investigators show that the actual overload shutoff ratio
can be greater than two. Gallagher, et al( 26), has proposed a generalized
Willenborg model to correct prediction of the overload-to-maximum-load ratio
required to arrest the crack growth. The generalized Willenborg model has
been demonstrated to provide satisfactory predictions on the retardation
effect on the crack growth behavior under variable-amplitude loading containing
overload cycles(27,28). However, the current generalized Willenborg model does
not account for acceleration effects on crack growth due to either compression
loadings in the tension-compression load cycles or underloads (small tension-
tension load cycles) in low-high sequence loadings.

The Vroman model resembles the Willenborg model in the sense that it
also uses the "residual stress" concept in predicting overload retardation
effects to the crack growth. The original Vroman model( 20), which
only accounts for overload retardation effect, was developed independently
during the same period as the Willenborg model (1970-71). Yet, the original
Vroman model is based on the mathematical formulation of the effective stress
intensity factor range, AKeff, such that the numerical value of AKeff is always
less than AK = Kmax - K'min when the overload is existing; hence, the corre-
sponding value of the fatigue crack-growth rate is smaller than its constant-
amplitude counterpart, resulting in crack-growth-rate retardation. The
original Vroman retardation model had a 0.333 constant which was arbi-
trarily selected and later found to be adequate to correlate the crack-growth
test data using the B-1 strategical bomber spectrum(29). Chang, et al(30),
later suggested that this constant is a material and spectrum-dependent
constant. They proposed that for a specific material, it should be empirically
determined, based on specific spectrum test data.

The Vroman model was also modified to account for the underload
acceleration (crack-tip sharpening) effect by Chang, et al( 3 1). This was
done by adding a term to the original AK calculation such that, if there
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existed a number of underload cycles, the value of the current effective
stress intensity factor range is larger than its constant-amplitude counter-
part, resulting in crack-growth-rate acceleration. To be compatible with the
residual stress-concept formulation for the overload retardation case, the
acceleration term was formulated by the so-called "residual displacement" con-
cept. The relationship between the crack-opening displacement and the stress
intensity factor proposed by Wells(

32) was used in the formulation. Chang(3 3)

also proposed to form the crack-growth-rate equation for the negative stress
ratio cases as da/dN = C[(l-R)qKnax]n, where q(R) is the acceleration
index which is determined from test data generated for a specific value of the
negative stress ratio R. This interaction model was identified as the Vroman/
Chang model(24).

The Vroman/Chang load interaction model still has many deficiencies.
First of all, this load interaction model is not able to account for the

retardation effect due to the existence of a large number of overload cycles.
Consequently, the prediction is conservative for this type of loading. Second-
ly, it cannot predict the delayed retardation phenomena or the effective zone
of the underload acceleration. Thirdly, it does not account for negation of
the retardation caused by compression loading. Another drawback of this model
is the fact that it also relies on certain test data in order to determine
its empirical constants, even though the amount of tests needed to be conducted
for one specific material and a specific spectrum is rather limited.

Candidate models to be implemented into the detailed crack growth analysis
computer program have been evaluated. The approach was to investigate whether
it was feasible to modify an existing model such that it could meet most of
the requirements listed previously. Two existing models were selected as
candidates, the generalized Willenborg model and the Vroman/Chang model. In
order to obtain a one-to-one comparison, it was decided to employ only
one existing computer program to perform the crack growth predictions. This
implied that the generalized Willenborg model and the Vroman/Chang model
should be implemented into the same computer program. Rockwell's in-house-
developed computer software, EFFGRO(16) was chosen to carry out this task.
This was because the linear approximation damage accumulation scheme currently
employed in EFFGRO is more attractive than other accumulative schemes commonly
used. Ten test cases from the experimental development program conducted in
phase I were arbitrar-ly selected for the correlation. Table 1 shows loading

profiles of these 10 cases. In order to verify the accuracy of prediction,
crack lives of thee 10 cases were also predicted by using the Air Force's
CRACKS program (34) with the generalized Willenborg model. Both EFFGRO and

17

• ...- * ,,. -.- .



CRACKS predictions were obtained using the following rate equation and the
corresponding crack-growth-rate constants for 2219-T851 aluminum alloy. This
set of crack-growth-rate constants was obtained by processing the PLOTRATE
computer program(17 ) through the constant-amplitude crack growth baseline test
data generated in phase I.

For AK > U th

da AK ef R 0
dN _ -R(lReff) 1-m

where

-10
C = 8.367 x 10

n = 3.64

m = 0.6

For K U th

da
dN

where

AKth =AK, 6K = 1.5 Ksi ,ri-n

Comparisons of the crack life predictions obtained by EFFGRO and CRACKS
are summarized in Table i, together with the test results. The ratio of the
predicted life to the test life, R = N r /N for each test case is also
presented in the table. It can be seeR rattt crack lives predicted by
EFFGRO are very close to those predicted by CRACKS. In several cases, such
as M-12, M-53, M-45, M-Sl, the two sets of predictions are almost identical.

Because the generalized Willenborg model is widely used in the aircraft
industry, it was decided to modify this model to account for the compressive
stress effects to the crack growth.
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The generalized Willenborg model has been demonstrated to be adequate in
predicting the tensile overload retardation effects for flight spectrum
loadings( 27,28). Because the generalized Willenborg model predicts
retardation by reducing the effective stress intensity factors for a retarded
cycle, negative effective stress ratios (Reff < 0) frequently result for a
cracked structure subjected to a flight spectrum loading. This can be shown
by investigating the generalized Willenborg model in the following mathe-
matical form:

(K -[KOL 11 _a 1/2 Kma f cmax aKomaxxLeffL) -Lmax-

and ( ~ ) f f ~ -,[K OL (1 _ OL) 1/2 ~~

(K in) e f K ',i max 1 Zo - K ooa

and

R 1
so

Where K., is the applied stress intensity factor, OL is the stress intensity
factor corresponding to the maximum overload, Aa is the growth following
overload, ZOL is the overload interaction zone size, (Kmax)TH is the threshold
stress intensity value, and Rso is the overload shutoff ratio.
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The effective stress ratio is defined as

Reff = (Kin)eff/(Kax)eff

Hence, if (Kmin)eff is negative, the effective stress ratio I be
negative. There are two possibilities that (Kmin)eff is negati,. re i.
that the applied minimum cyclic stress is negative, such as the comr ,s
tension load cycle in a random flight spectrum. The second poss,' iit\, i
that the reduction term in the (Kmin)eff equation is mathemati:ihv ireater
than (Ka)min-

Extensive experimental data generated in recent years have shown that
crack growth rates at negative stress ratios are generally higher than their
R = 0 counterparts. Hence, it is important that the effects of the negative
stress ratios be properly accounted for in the crack-growth predictions using
the Willenborg retardation model. To properly account for such negative stress
ratio effects, the Chang acceleration scheme was adapted in the methodology.
Chang (33), proposed to employ the crack-growth-rate equation for the negative
stress ratio cases as

da = C [ (1 -R)R Km ]' R< 0

where qR is the acceleration index which is determined from test data generated
for a specific value of the negative stress ratio R and its R = 0 counterpart.

For example, if experimental data of 2219-T851 aluminum showed that the
crack growth rate at R = -0.3 is 20-percent faster than that at R = 0, the
acceleration index q-0.3 can be then calculated as follows:

da da- = 1.2d-

(R=-0.3) (R=O)
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or

q n
C ( 1 + 0. 3 )q K 1.2C(Kmax] max

It implies

1 [log (1.2) 0.19 for n --
-(R 0.3) = n log (13) 3.64

To adapt the Chang acceleration scheme in the Willenborg model, the
growth rate equation for negative effective stress ratio cases becomes

9Rnd ( qReff

1a-C( 1 - Rff) (K ff) , R
da

L= eff max)e eff< 0

This acceleration scheme for negative effective stress ratio was incor-
porated into EFFGRO in conjunction with the Willenborg retardation model and
is identified as the Willenborg/Chang model. Test data for the variable-
amplitude loadings containing compression-tension cycles generated in phase I
were recorrelated by EFFGRO predictions using the Willenborg/Chang model.
Results of the predictions were also compared with those predicted previously
without accounting for the negative effective stress ratio acceleration effects.
Improvement in predictions were clearly shown. A typical comparison is pre-
sented in Figure 11. Crack-growth test data were also presented (shown in
the figure by the broken line). They show that when the negative effective
stress ratio was set to zero, the Willenborg model predicted life was 19,514
cycles. Compared to the test life, which was 17,200 cycles, a 13-percent over-
estimation resulted. Using the Willenborg/Chang model, the-predicted-life-to-
the-test-life ratio becomes 0.94.

Experimental data have shown that application of a compression spike fol-
lowing one or more tensile overload applications may negate or reduce the effect
of the overload retardation on subsequent crack-growth rates. Without account-
ing for this load interaction effect, unconservative predictions will result.
In the generalized Willenborg model, the amount of crack growth affected by
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an overload is determined by the overload interaction zone size, 7

Increasing the interaction zone size will retard the crack growth more. On
the contrary, decreasing Z0L will reduce the retardation.

One approach is decreasing the overload interaction zone size when the

overload is followed by a compressive load is to employ the effective stress
ratio of this specific tension-compression load cycle in the overload inter-
action zone size calculation. The effective overload interaction zone 5size
is defined in terms of the effective stress ratio (Reff) as:

OL)eff =1 + Reff) (ZoL, Reff < 0

For the plane stress condition,

0L max

The effective overload interaction zone size was incorporated into the
Willenborg/Chang model to account for the reduction of retardation effect
caused by a compressive spike load immediately following the overload.

Test data of the entire series of the variable-amplitude load testing
conducted in phase I were correlated again with analytical predictions using
EFFGRO with the previously described methodology. Basic crack-growth-rate
constants of 2219-T851 aluminum alloy used in the correlations were those
used previously in the phase I report( 2):

C = 8.367 x 10-10 (in ksi units) AKth = 2.5(1-R) ksi F

n = 3.64 R+  0.75
cut

m = 0.6 R- -0.99
cut
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The value of the Chang acceleration index q was selected to be 0.3,
which is an average value assumed to be applicable for all negative stress
ratios for 2219-T851 aluminum. The overload shutoff ratio selected for

2219-T851 aluminum was Rso = 3.0.

Table 2 sumnarizes the crack growth data correlations for tests M-1

through M-60, including the life predictions by the currently developed
improved methodology and the ratios of the prediction to the test lives. For

the sake of comparison, lives predicted in phase I by using EFFGRO with the

Vroman/Chang model and CRACKS with the Willenborg model were also included
in the table. Results show that the average prediction ratio for the
Willenborg/Chang model was 0.959 with a 0.385 standard deviation for the

60 test cases correlated. Compared to the generalized Willenborg model
prediction (average prediction ratio = 1.43, with a 0.954 standard deviation),
the improvement in the prediction accuracy is clearly seen.
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3. 3 SELIV1Io0\ 01: TfHE fv:. [k\I.( A:C(I J LI'fION S011i311:

Commonly practiced fatigue crack growth analytical prediction methods are
primarily based on a daunage acciunulation scheme which interrelates the folloi,-
ing elements:

1. A fatigue crack-growth-rate relationship and the corresponding groith
rate constants, fracture properties, and other related material prop-
erties

2. Initial crack types, sizes, and geometries of the cracked bodies

3. Crack-tip stress intensity factor solutions

4. Loading spectra descriptions

S. Integration procedures

Because the detailed level crack growth analysis is kept on a cycle-by-
cycle calculation basis, the growth-rate model of a crack sub.ected to cyclic
loading will be in the following form:

da/IN = F(a, ra' ,R,#(a), ..)

I'hlere a is the crack size, 0 max is the maximum applied cyclic stress, R is the
cyclic stress ratio, and #(a) is the geometric functions.

The preceding first-order differential equation can be solved in numer-
ous ways, depending on the specific application. In general, two categories
of analytical predictions are required. Category I is the estimation of the
elapsed time (number of cycles) which is required to grow a crack from an ini-
tial size, ao, to any final size, af, subjected to cyclic loadings. Cate,0ory
11 is the prediction of the incremental growth of a 1ouolo size crack ,ithi , a
specific period of time (number of cycles). In mathematical forms,

Category I

N 1 N -I a
i I: (a 1' flia) ....

Category I I

a= af a = Y
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A review of commonly employed techniques in obtaining the solutions for
the two categories was conducted in phase I of this program. These included
the Runge-Kutta integration techniquet351, Taylor series approximation method(3 6)
and linear approximation method(37). A brief summary of these techniques was
presented in the phase I technical report (2).

One obvious requirement which will he imposed on an- crack growth pre-
diction methodology is the predictive accuracy. Among the previously mentioned
techniques, the Runge-Kutta integ-ation method provides the most accurate pre-
diction in general.

The Runge-Kutta integration technique calculates the increment of crack
size A a as follows:

I

Aa za\ - .. (k° + 2k1 + 'k, + k)
'\+I 'N b 1 - 3

where aN is the current crack size and the Runge coefficients are defined as:

k =AN-d 01

da

k =AN da1 k•

Figue 12illustrates the geometrical interpretation of the values ko
thrughk3.Allfour k-values represent the slopes at various points. Value

point whose ordinate is aN k2  N; k? is one of the two slopes considered
at mdpont iththeordinate a0 + 1/2 kA\; and, finally, kl is the second

2aN + 2 k3i tesop/t h igt

whose ordinate is a + 1/2 kN.

The Rtinge-Ktta integration technique is currently used in the CR-W:\(KS
program. Because this integration technique involves calculating the crack
growth rate, da/dl, four times for each 1(1 ctcle, Substantial compitatiOl

Will he consne d by using this accuilation technique in the com,\iKS
program. This is espec'ially trie when tile complex flight spectrum loading is
app l i ed.
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The linear-approximation method currently employed in many crack growth
analysis computer programs is a very efficient damage accumulation scheme.
Because it ib so efficient, the computer routine first to adopt this method
was named EFFGRO.t3 The linear-approximation method assumes that the growth
rate is constant throughout a load step in a spectrum so that the crack size
is in a linear relationship with the number of load cycles. The following
paragraphs briefly describe this damage accumulation procedure currently
existing in EFFGRO.

The load spectrtmi in the actual integration portion of the EFFGRO program
is:

No. of Cyc/
Stop Max Stress Min Stress Block (Flight)

max1  min1

7max, O'Min) Nn

O'max. m i n-

The damage-accLuMulation scheme proceeds by considering a load step (i)
and using ax and a . to calcNlate da/d..

The value of (ba)/(da/dN) is then compared to N., where "a" is the
crack size. If (6a)/(da/dN) is greater than Ni, then the crack growth for
thlt particular load step is Aa = N i x da/.dN), "a" is increased by Aa, and
tile prograi proceeds to the next load step.

If (6a)/(da/dN) is less than or equal to Ni, then the number of cycles
to grot, (6a) is (6a)/(da/dN). this value is subtracted from Ni, the
crack size "a" is increased by (6a), and the load step is reconsidered.
This process continues with (6a)/(da/dN) being compared to the remaining
-vc- Vsin the step. When all load steps in the block (or flight) are ex-
hausted, the program proceeds to the first step of the next block (or flight).

26

" . .,.. ,', ... .. X.2 -



A preliminary evaluation on the efficiency of two commonlv used
integration schemes has been conducted. They were the Runge-Kutta integration
technique and the Vroman linear approximation method. Crack-growth analyses

for a center-through crack contained in the 2219-T851 aluminum plate subjected
to various types of loading cases were used for the evaluation. Parallel
runs were made with CRACKS and the modified EFFGRO programs, using the
generalized Willenborg retardation model. Computer runs from CRACKS
represented the results using the Runge-Kutta technique, while the runs from
EFFGRO provided predictions using the linear approximation method. The
approach taken in rating the efficiency of these two integration schemes was
to compare their computer costs; i.e., the computing billing units (CBU's)
charged for comparable runs. This approach, of course, can only provide
relative comparisons. Yet, from the results sunarized in Table 3, it clearly
indicates that in general, the Vroman linear approximation scheme is more
efficient than the Runge-Kutta method.

Efforts have also been devoted to investigating the sensitivity of the
crack incremental interval (6a) used in the Vroman linear approximation method
to the predictive accuracy. Selected center-through crack growth data gener-
ated from the phase I methodology development test program(2) and the B-1
fracture mechanics program(38), were used as an experimental data base. These
included two center-through cracks under constant-amplitude load at stress
levels mmax = 8 and 40 ksi (test cases M-1 and M-7) and a part-through crack
under constant-amplitude load (test case B-434).

Five different incremental intervals selected in the investigation were:

6a = 0.001a, 0.005a, 0.01a, 0.OSa, O.la

The EFFGRO program was modified slightly to incorporate these flexible
interval options. Crack growth behavior predictions for the previously listed
test cases were then performed by running EFFGRO with these five different
incremental intervals. Results of the predicted cycles for each test case
with various 6a are presented in Table 4 , together with the test data. CBU
charges are also presented in the table for reference in the machine cost. It
shows that to increase the incremental interval from 6a = 0.001a to 0.05a, the
predictive accura., only was reduced an insignificant amount (5 percent at
the most), while the computer cost was cut down by a factor of five.

Increasing 6a further to 0.la did not result in a big savings of
computer cost but reduced the predictive accuracy by almost 10 percent for
most cases investigated. Hence, it seems that 6a = 0.05a is an optimum
interval for use in the Vroman linear approximation method.
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3.4 TWO-DIMENSIONAL (2-D) CRACK GROWTi APPROACH EVALUATION

It is a well-known fact that part-through cracks, including corner
cracks at fastener holes, change shapes (aspect ratios) under cyclic
loading, either constant-amplitude or variable-amplitude. One common approach
is to assume that the growth of such a part-through crack is uniform in the
depth (along the thickness) and length (along the surface) directions.
The stress intensity factor at the maxima depth, KA, is used as the control-
ling parameter in calculating the crack growth rate, da/dN. This approach
is identified as the 1-D crack growth analysis. For part-through cracks under
uniform tensile load with initial aspect ratios in the stable shape region;
i.e., a/2c is approximately 0.5, the l-D crack-growth-analysis approach
provides adequate predictions(3 9). For other cases, inaccurate predictions
will result.

To account for the shape-change effects of the part-through crack, the
2-D crack growth analysis approach is apparently a better choice. The 2-D
crack-growth-analysis option is currently available in the EFFGRO program.
The methodology used in EFFGRO is to assume that the crack growth in the
two principal directions of a part-through crack is a function of the stress
intensity factors in these directions only. For constant-amplitude loadings,
the crack growth rates at the depth and the length directions are:

" ' AK ] n A

da/dN = CA ( ] A

A I-R) 7A] R 0

AC
dc/dN C 1_R nc , R 0

Where C nA, m and Cc, nc, mc are the material crack growth rate constants
along t~e depth and the length directions, respectively; R is the stress ratio.

Stress intensity factors at the maximum depth and crack tip along the
*1 surface contained on current EFFGRO can be expressed as:

K =F~a a i aA t, C, W Q

a cKC  = 1.12 H , For 0.5
C c Q' c

- i 12 0 a >0.5
Q 2c
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where F (a/t, a/c, c/w) is the geometrical correction factor for the effects
of the front surface, back face, and finite width to the stress intensity
factor. The parameter Q is given by

2 2
= 0 _ 0.212 (aa/ty

where

0 = [I + 1.45 (a/c) ' 4  112 for a/2c 0.S

0 = [I + 1.45 (c/a)1.64] 1/2 for a/2c >0.5

Currently, for a surface flaw, the geometrical correction factor F(a/t, a/c,

c/w) used in the EFFGRO program is the multiplication of three discrete

correction factors as

F(a/t, a/c, c/w) = M x MB x MW

where M1 , MB, and MW are the front face, back face, and width correction

factor Tor the stress intensity, respectively.

Values of MF and Mw used in EFFGRO, are as follows:

MF = I + 0.12 (1 - a/2c)2

MW =[1 - 0.025 (2c/W)2 + 0.06 (2c/W) 4 ] Jsec7rc/W

where W is the width of the structure.

The back-face correction factor is stored in the 2-D EFFGRO crack library
in the following tabulated form.

a/2c a/t

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

0.05 1.0 1.02 1.04 1.05 1.08 1.13 1.2 1.36 1.76

0.1 1.0 1.0 1.02 1.03 1.06 1.1 1.16 1.27 1.53
0.2 1.0 1.0 1.02 1.01 1.04 1.07 1.13 1.20 1.37

0.3 1.0 1.0 1.0 1.01 1.02 1.05 1.09 1.16 1.28

0.4 1.0 1.0 1.0 1.01 1.02 1.04 1.07 1.13 1.24
0.5 1.0 1.0 1.0 1.0 1.01 1.02 1.05 1.10 1.19
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A study on predictive accuracies for a surface flaw fatigue-life
predictions by the 1-D and 2-D crack-growth-analysis approaches has been
conducted. Constant-amplitude test data documented in Reference 13 formed the
primary experimental data base for the evaluation and comparison of the two
approaches. The EFFGRO program was used throughout the study because EFFGRO
provides both the 1-D and 2-D analysis option.

For the 1-D analysis option, the initial aspect ratio of the surface
flaw is assumed to be unchanged. For the 2-D analysis, two types of assump-
tions were made. In type I, the crack growth rate was assumed to be indepen-
dent of crack growth direction; i. e., da/dN = dc/dN. In type II, the crack
growth was to be dependent on crack growth directions; i.e., da/dN d dc/dN.
For lacking of basic fatigue crack-growth-rate data, two cases were arbitrarily
assumed in type II analysis; the first case assumed da/dN = 2 dc/dN, and
the second case assumed da/dN = 2/3 dc/dN. A summary of the assumptions for
various types of analyses is shown in table 5.

The crack-growth-rate constants and corresponding parameters used in the
1-D and 2-D analyses were least-square fitted by PLOTRATE. Baseline fatigue
crack growth data points at various stress ratios presented in da/dN versus
Kma x format were digitized into PLOTRATE through the DTIZ routine described
in Appendix A of Reference 40. The best collapsed growth rate data in da/dN
versus (1-R)mKmax for 2219-T851 aluminum, 9Ni-4Co-0.2C steel, and Ti-6A1-4V
beta annealed are shown in Figures 13 through 15, respectively. Table 6
summarizes the rate constants and other fracture properties used in the
analysis.

Crack growth predictions of all the four analysis types listed in
Table S were evaluated against the experimental data for each test case
Comparisons of analytical results to the experimental data for each case
evaluated were shown in Tables 7 through 9 for 2219-T851 aluminum,
9Ni-4Co-0.2c steel, and Ti-6A1-4V beta annealed, respectively. Results showed
that utilizing the 2-D crack-growth analysis approach, the prediction accur-
acy is generally improved for all cases. The improvement in the prediction
of the final aspect ratio (a/2c) of each surface flaw can be clearly seen in
these tables. From the results of this study, it was decided to adopt the
2-D analysis as the primary approach for part-through crack-growth predictions.

The computation cost of the 2-D crack-growth approach is a major concern.
A study was made to determine the most cost-effective format used for calcu-
lation of stress intensity factors. In general, three different formats are
being used by the researchers a-I investigators in presenting the stress
intensity factor coefficients for part-through cracks. The first one is
to use numerical tables. Typical examples are the single and double cracks
emanating at a circular hole contained in an infinitely wide plate
subjected to uniaxial or biaxial stresses(4 1). Graphical display is
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another format which has been commonly used. Stress intensity factors hand-
books usually adopt this format. The third format is to express the coeffi-
cients in an equation form as a function of the appropriate parameters, such
as the crack shape (a/c) crack-size-to-plate-width ratio (a/W), crack-size-
to-plate-thickness ratio (a/t), crack-size-to-hole-radius ratio (a/R), etc.

A surface flaw test case was selected for the study. This test was one
of the 300 tests conducted by Rockwell in the B-i strategic bomber research(

38),

development, testing, and evaluation (RDT&E) phase. It was a relatively shal-
low surface crack with an initial aspect ratio a/2c - 1/3 and initial crack
depth ai = 0.06 inch. The test material was HP9Ni-4Co-0.2C steel alloy with
yield strength aty = 180 ksi and ultimate tensile strength atu = 200 ksi.
The test specimen was a typical dog-bone type. The surface flaw was intro-
duced by the electrical discharge machining (BEM) process in the center of the
test area which had a 4- by 0.5-inch cross section.

The stress intensity factor coefficients for a surface crack are the
combination of front face, back face, and width correction factors. To assess
the effect of the presentation format on the computation cost between the tabu-

lation and closed-form equation, the back-face correction factors for various
aspect ratios (a/2C) and crack-size-to-thickness ratios (a/t) were input into
the computer program in tabulated and equation forms. The tabulated back-face
correction factors used in the study are as previously shown. The tabulated
values were derived from the results reported by Shah and Kobayashi(42). The
closed-form equation for a part-through crack derived by Newman and Raju(43),
based on their 3-D finite-element results, was used in the study. In the equa-
tion form, the combined correction factor for a shallow surface crack

(a/c 5 1) is expressed as-2

where

Mi = 1.13 - 0.09(c.)
1

N12  0.54 + 0.89/(0.2 +a

24
N1 = 0.5 -1 .5+ +1 - -3 C/06+)+ ~ c)
fo= [ cos 2  + sin2

g = I + 0.1 + 0.3S )( - sin2) 2

f = [sec( c 1/2
w 2b
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At the maximum depth points, * 7w/2, FA takes the following form:r
FA =j1.13 - 0.09(2-) + (-..4 + 0.89/ (0.2 +(

+ (0.5 - 1 A(0.65 + -)+ 14 1 24 4c cJ ~ t

At the maximum length point, = 0, FB can be written as:

FB 0 j.1 + 0.35 ( ,]) J a

The result of the study showed that by using the equation form for
stress intensity factor calculation in the computer program, a factor of
five reduction in computer cost can be achieved, compared to the use of the
tabulated form.

From the results of the previously described study, it was decided to
adopt the equation format in formulating stress intensity factors for all
known part-through crack cases stored in CRKGRO.

3.5 CYCLE COUNTING TECHNIgE

One of the requirements for accurate predictions of crack-growth behavior
under spectrum loadings is a correct representation of loading cycles. A load
spectrum used in a spectrum test may not be directly applicable to analytical
predictions. This results from the observation that the crack-growth behavior
is influenced not only by a load step currently being applied, but also by the
total range between previous and current load levels. Hence, to perform analy-
tical predictions on crack-growth behavior under random cycle-by-cycle spectrum
loadings, it is essential to have a cycle-counting method such that the growth-
rate constants determined from the constant-amplitude loading tests (loadings
with well-defined cycles having identical maximum load levels and ranges can
be directly employed in the spectrum loading situation. There have been many
cycle-counting methods proposed throughout the last two decades. In his early
research work, Dowling investigated eight counting methods which were used to
predict fatigue failure of test specimens subjected to spectrum loadings,
including the peak, mean crossing peak, level crossing, fatigue meter, range,

* range mean, rain-flow and range-pair methods( 44). Dowling pointed out that
all of the previously listed counting methods, except range-pair and rain-flow,
have serious flaws. He also concluded that the rain-flow and range-pair cycle-
counting methods are considered equivalent for most practical situations. For
repeated block loadings, the counting results of these two methods will always
be identical. Hence, it was decided in this program that only the ability of
predictions with or without range-pair countings would be studied.
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The essence of the range-pair counting techniques can be illustrated by
considering the load trace as shown in Figure 16. The criteria for counting
a cycle are as follows:

1. If a-)> al (Figure 16 (a)), then a cycle of amplitude 'cr, - 0'3 1/2 and the
mean of a.1 + a.3 1/2 is counted ifa c?: a4 and 0.3  al'-

2. If 2< al (Figure 16(b)), the same cycle is counted if a, a4
and a-s a. "

Starting at the beginning of a load trace, four consecutive peaks and
valleys are considered. If the second and third peak or valley meet the
preceding conditions, one cycle is defined, and those two points are deleted
from the load trace. The fourth peak or valley now becomes the second, and the
next consecutive peak and valley of the load trace are added, to again form a
four-point set. This counting continues until the four points being considered
cannot define a cycle. Whcn this occurs, the first point will be omitted from
consideration and put into a residue trace, and the next peak is added to the
load trace. This process continues, adding points to the residue trace as
necessary, until there are only two or three points left. These points are
added to the residue trace, which is then treated in the same manner as the
original trace. The results of this process leave a residue trace as shown in
Figure 17 . This residue trace will not be range-pair counted.

Instead, these remaining cycles are to be counted such that the highest
peak is paired with the lowest valley to form a cycle. Moving away from this
cycle in both directions, each successful peak and valley are paired together.
If there is an extra peak or valley left on either side, it will be omitted.
A peak on one side of the maximum excursion cycle will not be paired with a
valley on the other side. Because of the load interaction effects tothe
crack-growth behavior, the sequence of the load cycles is very important.
Hence, the cycles are ordered based on the same order of the peaks as in the
original load trace. The load cycles resulting from this counting procedure
will thus form the proper load cycles to be used in crack-growth analysis.

The previously described range-pair counting procedure was coded by
Streitmatter(4 ) in subroutine CYCCNT and subsequently incorporated into the
EFFGRO program in the early development phase of the B-1 Strategic Bomber.
Subroutine CYCcNT was linked to EFFGRO to perform analytical predictions on
some of the random cycle-by-cycle spectrum loading test cases conducted in
phase I in order to assess the impact of the cycle-counting effect. The A-G
random spectrum was arbitrarily selected in the assessment.
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Four sets of analytical predictions were obtained from EFFGRO runs:

1. Spectra not range-pair counted, load interaction effects not

accounted for

2. Spectra not range-pair counted, ioad interaction effects accounted
for

3. Spectra range-pair counted, load interaction effects not accounted
for

4. Spectra range-pair counted, load interaction effects accounted
for

The following were the value of the rate constants and other param-

eters used in the analysis:

1i0
C = 5.066 x 10 (in ksi units)

n= 3.83

m =0.6

q =0.3

Oty = 48 ksi

R =3.0
so

R+C = 0.75cut

R- = -0.99
cut

.Kth = 2.S(1 - )Rj)

KC = 65 ksijin

Analytical predictions were correlated with the test data. Again, the

ratio of the predicted life to the test life for each case has been calcu-

lated. Results were summarized as shown in Table 10. It can be seen that

without range-pair counting, the predictions were, in general, unsafe (over-
estimated life). The fourth set of predictions (spectra range-pair counted,

load interaction effects accounted for) correlated the best with test data.

From this study, it was decided that all random cycle-by-cycle spectra will
be range-pair counted prior to performing analyses.
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3.6 CCMNJfrER PROGRAM INPUTS AND OUTPUTS FOMAT DEVELOPNENT

After the completion of the previously described studies, it has been
decided to adopt EFFGRO as the baseline program for the detailed level
crack-growth predictions. The decision was made based on the fact that not
only the damage accumulation scheme used in EFFGRO is one of the most effi-
cient schemes in growing cracks, but also because the 2-D EFFGRO is a pro-
gram capable of accounting for the aspect-ratio change effect to the crack
growth behavior of part-through cracks by growing the crack in both the length

and depth directions.

The detail crack-growth program was named "CRKGRO." The development of
CRKGRO was first the conversion of the main program and all necessary subrou-
tines used in the EFFGRO to be executed on the CDC computer system. The
input format of the CDC version EFFGRO was then modified using the CRACKS
input format as the base. This is because CRACKS currently is being widely
used in the Air Force as well as in the aircraft industry. To keep the input
fonnat as close as possible to that of CRACKS will avoid disturbance to the
users who are already familiar with CRACKS. A slight change in CRACKS input
format was deemed necessary because the additional information is required by
CRKGRO to execute the two-direction growth of a part-through crack. An one-
direction (ID) growth option is provided by CRKGRO. The l-D growth is based
on the maximum depth point.

The spectrum manipulation of CRACKS input in the form of maximum/minimum

stress, stress ratio, delta stress, and mean and alternating stress has been
retained in the CRKGRO to assure that there will be no major disturbance for
those who are used to run CRACKS. Table 11 is the printout of the first part

of the preliminary CRKGRO input echo, which contains the material crack-growth-
rate constants and other related material properties, configuration of the
crack, geometrical dimensions of the cracked body, and other pertinent informa-
tion. The input echo of the spectrum in the minimum/maximum stress format is
shown in Table 12.

The output format of the CRKGRO program was also developed following
closely that of the EFFCRO. The standard printout includes the first load
block with all calculated values for each parameter, such as DADN (da/dN),
DELTAK (AKA), SICGAX (a IX), R, A(a), C(c), A/2C (a/2C), etc, for each loading
step. Table 13 presents a typical printout. The extra printout option
provides all values of these parameters for each step in every nth block, for
whatever the option is called.

In the printout, milestones reached are framed or underlined by asterisks
to flag their occurrence. These include the transition from a part-through
crack to a through crack, instability reached, etc. At the end of each
analysis, crack lengths and crack depths for every 10th block (or flights)
are printed out in a tabulated form. A sample is shown in Table 14.
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3.7 CRACK TIP STRESS INTENSITY-FACTOR LIBRARY

A collection of stress-intensity-factor solutions for various through-
and part-through-crack configurations has been incorporated into CRKGRO
through a CRACK LIBRARY module which consists of separate subroutines, each
containing one set of stress-intensity-factor solutions. In the previous
version of EFFGRO, the crack-growth computations were performed in subroutines
GROW, PTC, and TC. Subroutine GROW performed the load level and life cycle
iterations and made calls to PTC and TC, which computed the stress intensity
factor for given geometries and grew the crack for a part-through or through
crack, respectively. The stress-intensity-factor solutions were fragmented to
reduce repetition because certain correction functions were the same for
different crack geometries. This method of determining the stress intensity
factor for a specific crack made modifications and additions difficult.

A CRACK LIBRARY methodology was selected where a specific stress-intensity-
factor solution for a specific crack configuration is separate from other
solutions. Any part of the solution can be modified without affecting other
solutions. Each K-solution is a subroutine KXXXX, where XXXX is the crack
code assigned to a certain stress intensity solution. For example, K1OO is
the subroutine for a centered surface flaw and K2010 is the subroutine for a
centered through crack. Each part-through crack subroutine has two sets of
solutions - one for two-direction crack growth, while the other set is for
one-direction crack growth option. For the 2D crack growth option, two solu-
tions were formulated, one for the maximum depth point and one for the extreme
point along the length direction; i.e., KA and KB. Stress-intensity-factor
solutions for a shallow crack (A/C s 1) and for a deep crack (A/C > 1) are
includx.d in the same subroutine. All geometric correction functions are in
the form of polynomials instead of numerical tables, in order to reduce com-
putation costs.

Subroutines PTC and TC have been merged into the GROW subroutine to
improve efficiency and reduce computer costs. The stress intensity solution
is assigned to the corresponding crack geometry once, and it is only assigned
again if breakthrough occurs when a part-through crack transitions into a
through crack. CCRIT module original contained in EFFGRO which computes the
critical crack size has also been modified to use the CRACK LIBRARY module,
as shown in the flow chart of CRKGRO in Figure 18. This module provides the
critical crack-size information when the total growth history is not required
for a specific analysis. If an analyst, for example, has a two-lifetime
criteria to meet, the critical crack may not be attained during the growth
history, but the critical crack size is still required in the analysis. The
stress-intensity-factor solutions contained in the CRKMRO CRACK LIBRARY for
specific crack geometries are given in Appendix A of Reference 4.
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3.8 PLO'FING MODULE DEVELOMNT

The plotting capability of CRKGRO is a comprehensive means of viewing
crack growth history without analyzing discrete crack sizes for each flight.
For a transport airplane, the life can be in the range of tens of thousands
of flights. Plotting every data point would obscure the value and readability
of the data and waste computer time. The CRKGRO plotting module was designed
to select a few data points which are representative of the overall crack

growth history and plot a combination of parameters such as crack szes, number
of flights, growth rates, and the maximum stress intensity factor per flight.
Options are included for linear, semilogarithmic, and logarithmic plots of
all appropriate parameters.

The flow chart of CRKGRO in Figure 18 illustrates the operations of the
plot module. The plot module consists of two subroutines: PTPARM and PLOT.
Subroutine PTPARM has four user-dependent plot options: (1) crack sizes versus
flights, (2) crack-growth rates versus flights, (3) growth rates versus crack
sizes, and (4) growth rates versus the maximum stress intensity factor per
flight. If the analysis is for a part-through crack, and if the 2-D option is
executed, any plot request involving crack size will yield two plots, one plot
for crack length and one for crack depth. For a plot reouest involving crack-

growth rate, the growth rate is computed by the linear interpolation method.
PTPARM reads the crack-growth rate data for every flight from a temporary file
and selects 30 representative points to be plotted.

Subroutine PLOT does the actual CRT plotting. It constructs the grid
and determines the scaling factors according to user input requests. The
options available for grid generation are linear, semilog, or log-log plots.
Typical plot output for a multimission analysis is shown in Figures 19 through
22 . Selection of the first plot option produces a plot of crack length
versus life in flights as shown in Figure 19. A discrete set of data points
was selected to yield a readable plot and maintain the crack-growth history.
Use of the semilog feature is demonstrated in Figure 20 for a plot of dc/dF
versus life in flights and in Figure 21, where dc/dF is plotted versus crack
length. Crack-growth rate is plotted in Figure 22 on a semilog scale
versus the maximum stress intensity factor per flight.

37

iii;19



4.0 DEVELOPMENT OF LIFE-PREDICTION METHODOLOGY FOR
INDIVIDUAL AIRPLANE TRACKING

Current military standard, MIL-STD-1530A, "Aircraft Structural Integrity
Program, Airplane Requirements," (1 ) states that two major activities
designed to focus attention on each potential crack problem shall be included
in the force management task. They are the Force Structural Maintenance (FSM)
Plan and the Individual Airplane Tracking (IAT) Program. In addition, force
management activities also include the loads/environmental spectral survey
(L/ESS), updating the design analysis, developing inspection and repair
criteria, and forming a structural strength survey.

The objective of the IAT program is to predict the potential crack growth
in critical areas of each airframe, keyed to crack-growth limits of damage
tolerance limits, inspection times, and economic repair times. In the IAT
program, an individual airplane tracking analysis method which establishes and
adjusts inspection and repair intervals for each critical area of the airframe,
based on the individual airplane usage data, should be developed suited for a

particular aircraft system. The damage tolerance and durability analyses and
associated test data should be used to establish the analysis method. This
tracking analysis should provide the capability to predict crack-growth rates,
time to reach the critical crack sizes, and the crack size as a function of
total flight time and aircraft usage data.

According to the 5u- ey conducted by the University of Dayton/Lockheed/
Vought team, there are about 11 IAT methods being used in the IAT programs of
25 aircraft systems in the Air Force inventory. Among them, five methods are
based on crack-growth analysis (46). The conon practice is to employ a cycle-
by-cycle crack-growth computer program to compute the crack growth for a
flight or a number of flights.

From the economical point of view, the use of a cycle-by-cycle crack-
growth computer code to compute the crack growth in the IAT program is defin-
itely not cost effective. This is not only because the cycle-by-cycle crack-
growth analysis consumes too much computation time, resulting in excessive
computer cost, but also because there is no need for an accurate representation
of the crack-growth behavior on the stress-level-by-stress-level basis for
performing individual airplane tracking. Furthermore, it is highly desirable
to operate the crack-growth analysis code on a variety of computer systems.
It is even more desirable that such codes can be operated on the onboard type
of minicomputers. Capacities of such computer systems prevent the use of the
sophisticated cycle-by-cycle crack growth method.
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One of the primarv obiectivye: of phase I of this program was to identifv
the significant parameters t,hich cootrol daiige on a flight-by-flight basis

and to develop methodology for chatacteri flight loadings, khich would
eliminate the necessity for perfoli.ng cvO. 1C-b-cyc le analysis while producing
equivalent crack-growth behavior. Two meti 1ods were developed to meet this
objective in phase I. TheY ,ere identified as Method I and Method II in the
phase I final report (2 ). Method I can be used. to develop equivalent load
spectra in terms of constant-amplitude stress histories (one cycle per
flight). Method II can be used to characterize each mission segment.
A flight is assumed to consist of constant-amplitude mission segments.

4.1 FLIGHT-BY-FLIGHT CPACK-GROMI- NMETOD

Introduction of the flight-by-flight crack-growth concept into the IAT

program seems to be a natural extension from the cycle-by-cycle crack-growth

approach which is currently being widely used. Gallagher (47) has shown that

two multimission military transport-wing stress spectra exhibit crack-growth
behavior which can be treated as constant amplitude on the growth-per-flight

basis. In phase I of this program, an analytical procedure identified as

Method I was developed to implement this flight-by-flight crack-growth rate

(da/dF) concept. The following are brief descriptions of the necessary steps
required:

1. Generate sample stress histories for all missions and mission

segments considerod in certain combinations, and repeat the procedure

NA times to produce NA consecutive sample flight spectra (defined

as a unitblock).

2. Use a cycle-by-cycle crack-growth analysis computer program to

evaluate the crack growth Aa (due to the unitblock flight spectra

under a prescribed number of different values of initial crack size

ao) and then calculate da/dF = Aa/NA.

3. Establish the following relationship on the basis of the foregoing

numerical results:

da/dF =C(K)

where K is a measure of the stress intensity factor representing the
overall effect of the unitblock on the crack growth. In a mathe-
matical form, R is written as

= (job)l/b 4,(a)
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where (ab)'/b represents the statistical average of the bth power of the

stress range 4a in the stress history and *(a) is a function of crack
size and other geometries; i.e., for a center-through crack in a
plate.

*(a) = 7 ( e (7ra/W))

4. Plot da/dF against K for a number of different values of crack size a
on a double logarithm scale, and then determine the two parameters C
and X. Each of the flight spectra representing a particular combina-
tion of the stress parameters with the rate of crack-growth evaluated
is then replaced by a constant-amplitude stress spectrum with the
equivalent rate of crack growth.

5. Repeat the same procedures for other combinations of stress
parameters, resulting in corresponding values of C, X, and (a b)l
and also in corresponding equivalent constant-amplitude stress spectra.
Thus, obtain a number of sets of parameters

[c. 1,(4Aab)~ [12 A 2 ab)l/],---

and a number of growth rates applicable to each of the particular
stress parameter combination.

(da/dF)l = C1 (K1) 1

(da/dF)2 
= C2 (T2)X2

(da/dF)N CN (KN)AN

where N is the total number of stress-parameter combinations to be
considered. Hence, the problem of mission mix and mission sequence
can be solved by choosing those growth-rate equations pertinent to
the missions in the mix and applying them in the sequence corresponding

to the mix.

6. The crack-growth life (F) in flights is obtained by numerical
integration of

fa -A/b

Ja ) - d C = ( A) (F)
a4
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To investigate the feasibility of using Method I in converting the random
cycle-by-cycle spectrum to the equivalent constant-amplitude loading for the
performance of IAT crack-growth analysis, a random load spectrum representing

the air-to-ground mission of a typical fighter (U.S. Air Force F-IS aircraft)
was used. This random load spectrum was generated in terms of peaks and
valleys using the SPECGN1 program developed by McDonnell Douglas Aircraft

Company (48). A unitblock was constructed by selecting 50 flights, each con-
taining 52 peaks and valleys. The unitblock spectrum table of this typical
fighter air-to-ground mission is shown in Reference 3.

A 2219-T851 aluminum plate containing a center-through crack was chosen
in the study. The computer program CYCGRO, developed in phase I on the basis
of the EFFGRO program, was used to generate the equivalent crack-growth-rate

parameters C, -,3 b-l/b and k.

The modified Walker rate equation, in conjunction with the Vroman/Chang
load interaction model, was selected in order to account for the overload
retardation and compression load acceleration effects in the study. The
following were the corresponding parameters input to CYCGRO (refer to Table 15):

3 10C w= 8.367 x 10 ,n = 3.64, m = 0.6, A = 0.333, q = 0.3, b = 2

Oji = 30 ksi,AKth =1.S ksirI , Kc = 66 ksiNIT_ cry 48 ksi

+

R + 0.99, R = -0.99cut cut

The parameters calculated by CYCGRO for this particular fighter air-to-ground
mission are shown in Table 16. For K>,Kth , the following were the calculated
values:

SIGMA = ( ob)1/b = 10. 308

LAMBDA = X = 3.628

C = 0.23861 x 10-7

PRODUCT = C( -rb/&/b 0.11298 x lo - 3
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The crack-growth life was calculated by inputing this set of parameters

into the computer program Crack Growth Estimation by Polynominal Expansion
(CGEPE), which is primarily used to solve the da/dF = c(R)A in closed form by

expanding the function ([*(a)] -) into the Mth order polynomial:

M

[*(a ]a A i a

and estimating the coefficients (A i-Il) by fitting this polynomial to [Va) A

at specified M values of a. The closed form solution for a is:

I - X/b

M i-X/2 2i-A/2 b
PA - /I -2 i a) ) Ic (c) ) (F)

1=1

The predicted crack-growth behaviors for both the random cycle-by-cycle and

equivalent constant-amplitude spectra are plotted against the test data.

Figure 23 presents the results. It can be seen that using the equivalent

constant-amplitude load to replace the random cycle-by-cycle flight spec-

trum is an acceptable approach.

4.2 MISSION-MIX LIFE PREDICTION METHODOLOGY

Efforts were also devoted to investigating the feasibility of extending

Method I into the study of the mission-mix effect to the crack-growth behavior.

Again, random cycle-by-cycle flight spectra of three different missions of the
F-15 fighter were employed. In addition to the A-G mission, these included

the air-to-air (A-A) and instrumentation-navigation (I-N) missions. For each

type of mission, a unitblock consisting of 50 flights was constructed by using

SPECGNI, where a unitblock implies a block of flights most representative of

the specific missions throughout the lifetime of the aircraft. Each flight

in the unitblock corresponds to a duration of one flight segment, each begin-

ning with a valley stress and ending with a peak stress. The ground-air-ground

(G-A-G) cycles were inserted at the beginning and end of each flight in such a
way that in each flight the first valley was replaced by and the last peak was

followed by the ground load. The exception was that for the first flight in

the unitblock, the first simulated stress rise was replaced by a stress rise

consisting of the ground load and 70 percent of #Lim- Hence the magnitude

of the G-A-G cycles varies in each flight in the unitblock. The durations

per flight for each type of missions are:

1. A-A mission - 52 peaks and valleys

2. A-G mission - 38 peaks and valleys
3. I-N mission - 12 peaks and valleys
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The ground loads were taken to be -5 percent of OLi, for the A-A and I-N
missions and -10 percent of OLim for the A-G mission. The unitblock spectrum
tables of each of these three missions are shown in Reference 3. Peaks and
valleys of all the stress events are in the form of percentage of design
limit stress, wLim To cover a wide stress range, OLim = 20, 30, and 40 ksi
were selected in the study. A portion of the stress sequence of peaks and
valleys of each of these missions at rluim = 20 ksi is given respectively in
Figures 24 through 26.

A composite unitblock constructed for the characterization of the flight
spectrum loading conducted in phase I was used to represent the mission mix
in this study. The composite mission unitblock is in the following mission
mix and sequence:

1 unitblock = 11 (A-A)1 11 + 11 (A-G)1 _1 1 + 3 (I-N)1 3 + 11 (A.A) 1 2 _2 2

+ 11 (A-G)1 2 _22 + 3 (I-N)4 6

Crack-growth data of three test cases (M-90, M-91, and M-92) generated from
the methodology development test program conducted in phase I were again used
as an experimental data base. The test specimens used in the phase I test
program were 2219-T851 aluminum center-cracked panels.

The development of a computer routine identified as the Flight-by-Flight
Crack Growth (FLTGRO) program was thus initiated in order to handle the mission-
mix situation. FLTGRO is capable of automatically calculating a set of spectrum-
dependent crack growth per flight (da/dF) rate parameters ([CI, 41, (ab)l /b],
C2, X2, (A )/b]), as described in step 5 of Method I. A good portion ot the

EFFGRO program was taken to form the base of FLTGRO to determine these param-
eters. The material crack-growth-per-cycle (da/dN) rate constants and other
properties inputed into FLTGRO for 2219-T851 aluminum alloy (Table 17) are:

CW = 8.3666 x 10
-10

n = 3.64

m = 0.6

Q = 0.3

R cut = 0.99cut

a = 45 ksi
ty

K = 45 ksi /in.
IC
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KC = 65 ksi Vin.

AK th = 2.5 (l-R) ksi Vuin.

R c -0.99
cut

Sb= 2
The parameters calculated by FLTGRD for the A-A, A-G, and I-N missions applied
to 2219-T851 aluminum center-cracked panels at Lim = 20, 30, and 40 ksi are
summarized in Table 18. Notice that among all nine cases, the value of X, does
not vary more than 3 percent except in one case, indicating the severity of
mission type can be ranked by the C values. As expected, the C value of the
A-A mission is the largest, indicating it is the severest mission among the
three mission types.

The fatigue crack-growth calculations were automatically performed by
FLTGR3. The Vroman linear-approximation method was modified for damage accumu-
lations on a flight-by-flight basis. The following paragraphs briefly describe
the procedure.

For a given flight-by-flight basis spectrum table, a mixed-mission

spectrum can be arranged as follows:

Mission Type Sigma No. of Flights/Block

11 F1
2---W1/b

2 ( A 'r ) 2 F 2

7-l/b3( 3 F 3

i ( b)l./b F.

The damage:a4cumulation scheme proceeds by considering a mission type
(i) and using (4-.U) I/b, Ci, and ,i to calculate (da/dF)i.
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The value of (O.Ola)/(da/dF) is calculated. If (O.Ola)/(da/dF)> F.,
then &a = Fi x (da/dF); "a" is increased by&a, and the program procee s
to the next mission type. If (O.Ola)/(da/dF) :F., then the number of flights
to grow (0.Ola.) is (O.Ola)/(da/dF). This value is subtracted from Fi, the

crack size is increased by 0.01a, and the mission type is reconsidered until
it meets the first condition; i.e., (0.Ola)/(da/dF) > (Fi - Fi-1). When

all the mission types in a block are taken into consideration, the program

proceeds to the first mission type of the next block.

Crack-growth behavior predicted by FLTGRO for the three test cases

(M-90, M-91, and M-92) were tabulized as shown in Tables 19 through 21. Test

data were correlated to the predicted growth behaviors. Figures 27 through 29

show the test data correlations for test cases M-90, M-91 and M-92, respec-

tively. From the results, it can be seen that among the three cases studied,
the largest ratio of the predicted life to the test life is R = 1.59

(M-90, 'Li m = 20 ksi), indicating FLTGRO is able to provide reasonably accu-

rate predictions. For the sake of comparison, crack-growth behavior pre-

dicted by CRKGRO were also plotted against the test data. A sumnary of the

predicted accuracies and the computer cost by employing FLTGRO and CRKGRO is

shown in Table 22. It illustrates the efficiency of FLTGRO.

4.3 MULTISEGWMNT-PER-FLI(4T METHOD DEVELOPMENT

The one-cycle-per-flight approach may not be appropriate for the highly
maneuverable fighter-type aircraft. Hence, a multisegment-per-flight crack-
growth methodology was developed. Figure 30 schematically illustrates the
conversion of the random flight spectrum to the multisegment-per-flight

spectrum

The multisegment-per-flight crack-growth methodology also uses the

analytical procedure as the one-cycle-per flight, except the crack-growth
rate is on a cycle-per-segment (da/dS) basis rather than a cycle-per-flight
(da/dF) basis. The following are brief descriptions of the necessary required

, steps:

1. Generate sample stress histories for a specific flight segment such

as a manurer segment; repeat the procedure NA times to produce NA

consecutive sample flight segments (a uniblock).

2. Use a cycle-by-cycle crack-growth computer program to calculate the

crack growth Aa due to the unitblock flight segment starting from a
prescribed initial crack size ao, and then determine da/ds = Aa/ni.

Repeat the procedure for a prescribed number of different a values.
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3. Establish the following relationship on the basis of the aforemen-
tioned results:

da/ds = c (K)

where K is the measure of the stress intensity factor representing
the overall effect of the unitblock on the crack growth. In the
mathematical form, K can be represented by

K= ( b) 1/b *(a)

The term (AEb) 1/b is the statistical average of the b-th power
of the stress range, Ao; * (a) is a function of crack size and
other geometrical parameters.

4. Plot da/ds against K on a double logarithm scale, and then deter-
mine the two parameters C and A. Choose the appropriate value
of amax orc and then calculate the corresponding min or
based on (,rb)l/b value, resulting in the corresponding value of
C, A, and Wmax, amin of the equivalent constant-amplitude flight
segment.

S. Repeat the same procedures for other flight segments, thus obtaining
a number of sets of parameters

[C1 , A l  I Vmax I [mnI C2 ), k 2 ,  Umax .,,  7 mi '

and a number of growth rates applicable to each of the particular

flight segments

(da/ds) I = C1 (KI

(da/ds) 2 = C2 (K2)A2

*(da/ds=) C. . A

where i is the number of flight segments considered in a typical
flight.
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t) Choose the nIuubcr of cvycls Il i in cach segment and then conx ert the
crack-growth-pei-segmet ratC Wa/ds inlto the crack-growth-per-c'cle
rate (da/&N), resulting in

(da/dN). R /1/S) C (
- ~ ~~ ~ cNl-y-yl (N.) (d/S - ) tii

Use a cycle-by-cycle crack-growth analysis computer program to
calculate the growth hehavior.

It is noted that the preceding described methodology is similar to the
equivalent simple spectrum method developed in phase I except for the last

few steps. This equivalent simple spectrum method was identified as Method II
in the phase I final report (2). In Method II, the load interaction effect

is considered to be a step jump. The crack growth for the cycle (or cycles)

imnediately following the transition from one flight segment to another seg-

ment is determined from:

(da/dn). = C a[Aa. 4,(a)/(l-R 1-n) Ii w i eq

where Req is the average equivalent stress ratio; Cw, Aw,and m are material
constants; Aui = ( )./b is the b-th root of average of the b-th power
of the stress range ot the i-th flight segment; and *(a) is a function of the
crack size and other geometries.

Values of the constant a depend on the characterization of the transition.
A high-low step transition, ca<l, accounts for the retardation effect. On the
contrary, a low-high transition, c>l, accounts for the umderload acceleration
(sharpening) effect.

The current methodology called out the use of a cycle-by-cycle crack-
growth analysis computer program in determining the crack-growth parameter,
(nab)l/b, Ci, and Ai. Consequently, load interaction effects can be handled in

the usual manner as done in the detailed level analysis in the program. To
study the feasibility of this methodology, FLTGRO was modified. The major
modification involves the segmentation of an input random cycle-by-cycle spec-
trum and the conversion of the crack-growth-per-cycle rate (da/dN)i. Further-
more, the original cycle-by-cycle crack-growth calculation done by FLTGRO was

-: 7limited to the one-cycle-per-step format. To take advantage of the multicycle-
per-segment spectrum format, this restriction was lifted so that the linear
approximation technique can be efficiently used.

The crack-growth behavior under a typical fighter aircraft (F-15) air-
to-ground mission was again estimated by using the modified FLTGRO program.
The load history of the fighter was in the random cycle-by-cycle format, which

was generated in terms of peaks and valleys by using the SPECGN 1 computer
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program. A unitblock was constructed by selecting SO flights, each containing

19 pairs of peaks and valleys. The unitblock spectrum table of this typical

fighter air-to-ground spectrum is shown in Reference 3.

To study the feasibility of the multisegment-per-flight crack-growth

methodology, this fighter air-to-ground spectrum was arbitrarily separated

into three flight segments. The first segment consists of one pair of peaks

and valleys, the second segment consists of eight pairs of peaks and valleys,

and 10 pairs of peaks and valleys were contained in the third segment. A

2219-T851 aluminum plate containing a center-through crack was again chosen

in the study. The material crack-growth-per-cycle (da/dN) rate constants

and other properties inputted into FLTGRO for 2219-T851 aluminum alloy

(Table 23) are:

-10
C = 8.3557 x 10 (Ksi unit)

n = 3.04

m = 0.6

q =0.3

RU +0.99

t0 = 48 ksi

KIC = 45 ksi4,

K = b5 ksi 4fnc

AK 1.5 ksi ,

b =

The flight-segment-dependent parameters C, A, and A 'b)l/b were

calculated by FLTGRO for the specific fighter air-to-ground mission at =rlim

30 ksi applied on the 2219-1851 aluminum center-cracked panel. For the sake

of comparison, solutions for both with or without the load interaction effects

Icre obtained.

48



1T1e fatigue crack-growth Ca Iculations kere performed by using FLTGRO
through a modified version of the GROFLT subroutine. This modified GROFLT
sibrout ine is able to calculate the crack growth either on a flight-by-flight
basis usi inQ da/dF = K)A as the basic rate equation or a cycle-ly-cycle
basis using da/dN = C[AK/(l-R)l-m]n. For the multisegment-per-flight option,
the cycle-by-cycle rate equation is used. The load interaction model devel-
oped for the detailed level crack-growth analysis as described in preceding
paragraphs was employed in the modified GROFLT subroutine to account for the
load interaction effects from one flight segment to another. Flight-segment-
dependent parameters C, A, and (jy-)172 for both with or without load inter-

action effects were input to FLTGRO to calculate the crack growth. In the cal-
culation, the root-mean-square (PS) value of maximum stresses of a specific
segment of the original random flight spectrum was chosen as the maximum stress
for the equivalent constant-amplitude segment. The corresponding minimum
stress was determined from .Ao.min max

Crack-growth predictions with or without consideration of the load
interaction effects were generated by using the two sets of parameters, thus
providing four different predictions. Figure 31 shows the comparison of crack-
growth predictions resulting from the following different approaches:

1. Use the load interaction not-accounted-for parameters and grow
cracks by not considering the load interaction

2. Use the load interaction not-accounted-for parameters and grow
cracks by considering load interaction between flight segments

3. Use the load interaction accounted-for parameters and grow cracks
by not considering load interaction between flight segments

4. Use the load interaction accounted-for parameters and grow cracks
by considering load interaction between flight segments.

The crack-growth test generated from M-85 test specimen was plotted as
shown as the solid line curve in Figure 31. The loading condition of the
M-85 test case was the random cycle-by-cycle spectrum load. The limit stress
was 30 ksi. For further comparison, the crack-growth prediction obtained by
CRKGRO using the original random cycle-by-cycle flight spectrum as the inputted
load as well as the crack-growth predictions obtained by FLTGRO using the
one-cycle-per-flight approach are also plotted. They are identified as 6 and
5 in Figure 31, respectively. It can be seen that the approach 3 pre-
diction was almost identical to that of the CRKGRO prediction, indicating
this approach can provide predictions as reliable as CRKGRO methodology.
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4.4 CRACK GROWFH UPDATING SCMIiHIE

The FLTGRO program uses a random access disk file to store crack-growth
data for each control points and each type of mission. Each control point
requires the following information: (1) material constants, type of crack,
crack geometry, and other parameters necessary to grow a crack, (2) mission
type and associated growth rate constants, and (3) a base mission mix. For
the crack-growth-per-flight (da/df) appraach the growth-rate parameter stored
on the tracking operating file are C,X, (k--2)l/2, the stress ratio, and
the maximum spectrum stress. The multisegment-per-flight method stores growth
rate parameter for each flight segment; i.e., C, n, the RMS of the maximum
stress in a flight segment, the RMS ofO'min in a flight segment, and the num-
ber of cycles per segment. The base mission mix is a unitblock of m missions
and the number of occurrences per mission.

In aay time frame of the IAT program, crack growth at a control point
can be tracked by executing the FLTGRO program for the missions that have been
completed and accessing the data base to obtain the growth rate parameters
for each mission. Capability is provided for adding new missions to the data
base or to the baseline mission mix. The crack-growth equation coefficients
are computed and optionally replaced or appended to the data base. If the
missions flown, were deviating from the baseline mission mix, the base mix can
be updated to reflect the change.

The FLTGRO program produces a plot of crack length versus life in flights
for the actual number of missions completed. The baseline mission mix can
be optionally" plotted on the same graph with the actual crack-growth history

or can be displayed individually. The baseline mission is grown to failure to
illustrate the life of the control point specimen. Another option is avail-
able which appends the base mission crack-growth history to the actual growth
history. A combination of all these options in Figure 32 shows the life of
a control point if the base mission was flown, in comparison to the actual
life and the predicted life if the base mission is appended.
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S.0 DEVELOPMENT OF LIFE-PREDICTION METHODOLOGY
FOR PRELIMINARY DESIGN

S.1 INTRODUCTION

The governing document specifying overall requirements for achieving
structural integrity of Air Force aircraft is MIL-STD-1S30A(1). This docu-
ment defines the applicable specifications, standards, and handbooks to be used

on any new system procurement activity. Design to durability and damage tol-
erance is addressed in military specifications MIL-A-83444( 4 9) and MIL -A-
008866B( S0 ) as part of the structural integrity requirements. Longer service-
life requirements as a means for offsetting rising aircraft acquisition and
operating costs have meant a corresponding increased impact of the durability
and damage-tolerance requirements on structural design. Therefore, analytical

methods are required for evaluating these criteria at the different stages of

vehicle development. At the preliminary design (PD) level, methods are required
for proper selection of materials and structural design concepts which balance
improvements in service life against weight penalties, cost, and system

performance.

Detailed crack-growth analysis is performed by computer programs, such as
CRACKS(3 4) and EFFGRO(16), and the currently developed code, CRKGRO. These
programs perform the crack-growth analysis on a cycle-by-cycle basis, account-

ing for stress histories and crack geometries. Utility of these programs for
PD use is limited, due to computer time/cost considerations. At the PD level,

program operation must be suitable for performing a wide range of trade studies
which evaluate materials, construction concepts, environment, and load spectra.
The approach would be used in an iterative mode which converges on an optimum

design solution for each of the trade study points. Utility in this program

operating mode reauires a more efficient method for predicting crack growth life.

One of the initial applications of crack-growth-prediction methodology to
preliminary design-level computer programs has been the approach employed in
APAS 111(6). Although the procedure in APAS is considered to be not accurate

enough due to not accounting for load interaction effects, it has demonstrated
the feasibility of a~sessing crack-growth criteria at the preliminary design
level. The computerized methods provide a means for performing trade studies

that can be used for making material and structural design-concept selections on
a timely basis. To increase the prediction accuracy, an improved method was

deemed necessary to be implemented into the APAS III.

A rapid method developed by Brussat(Sl) which uses a larger scale time

base in the crack-growth-rate law, such as crack growth per period, da/dp was

considered to be a candidate. The essence of this method is to generate a set
of point values of crack growth per period, ri, at distinct crack length,
ai, to approximate the periodic rate functional values of fp(ai). This set
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of fp Pai) is then used to construct an interpolation polynomial Pp (a) such
that da/dp = Pp(a). Fatigue crack growth can then be determined by integra-
ting Pp(a instead of a cycle-by-cycle summation. This crack growth analysis
methodology has been incorporated into the PRDGRO computer program developed
by Chang and Cheng( 5 ). It has been demonstrated that an order-of-magnitude
saving on the computation time can be achieved in some applications.

Another method which could be used is the flight-by-flight character-
ization of crack growth behavior developed in phase I and identified as
Method I. The CYCGRO program was developed in phase I to implement this aporo-
achK2). It employs the procedure of EFFGRO to perform a cycle-by-cycle
crack growth analysis for a unitblock stress spectrum. This analysis is per-
formed at a number of different initial crack lengths to obtain crack growth
rate per flight (da/dF)i versus a measure of the stress intensity factor Kj.
A least-squares curve-fitting approach is then used to estimate the equation
form for crack growth rate per flight. A computer code, PREGRO, was formulated
on the basis of CYCGRO to perform oreliminary design-level life predictions.
It performs the life-prediction calculations by using a damage accumulation
scheme that evaluates the crack growth per flight rate equation.

The primary objective of this task was to select a preliminary design-
level crack life predicton method which accounts for load interaction effects
and to develop a crack growth analysis module which implements this predicting
method. This crack grow-th module was then incorporated into APAS.

Supplementary effort was also directed toward extending the utility of
:PAS for conducting rational preliminary design trade studies on different
aircraft categories. These tasks consisted of restoration of the full range
of stress intensity factor correction functions developed by Poe 5 3) for
riveted stiffened panels containing cracks, extension of the crack growth anal-
ysis process to include unstiffered plate construction concepts, extension o.f

the load spectrum library to include a typical spectrum for a lightweight air-
to-air fighter, and incorporation of an alternate means for specifying load
spectrum.

5.2 PRtILI1INARY DESIGN LEVYEL CRACK-GROWFI A\.ALYSIS PROGRAM (PRDGRO)

PRDGRO is a FORTRAN I' program developed by Chang and Cheng (52) at Rock-
well. It is capable of accounting for the load interaction effects in pre-
dicting crack growth behavior under flight spectrum loading. As the term
"Preliminary Design Crack-Growth" (PRDGRO) iindicates, the program was developed
to be used in PD analysis. It employs the fatigue crack-groith-rate function-
per-spectrum loading concept originated by Brussat(S1). Brussat assumed that
fatigue crack-growth-rate function-per-spectrum loading can he constructed
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by using interpolation polynomial if the loading is periodic. The essential
intert of the method is to generate a set of point-wise values of crack growth
per period, ri, at distinct crack lengths, ai, to approximate the periodic rate
functional values, fp(ai). This set of fp(ai) is then used to construct an

interpolation polynonial, Pp(a), such that a crack growth rate per periodic
load, da/dp = P (a), is determined. The crack growth is then obtained by inte-
gration. The ollowing paragraphs describe briefly the methodology used in
PRDGRO.

A periodic fatigue loading, P(t), is a function of time which usually con-
sists of an ordered sequence, Pl, P2 , ." Pr, of discrete loading cycles. If
(Ia)j denotes the crack growth due to the jth loading cycle in this sequence,

the crack growth per period, r, is the total sum of (Aa)j.

T

r =1 ( a)j

j=l

The values of r vary along the crack length, a. For a set of distinct
points of ai, r can be experimentally determined or can be accumulated cycle-

by-cycle by using a selected cyclic growth rate equation.

It is evident that r is dependent on the conditions of crack tip geometry
and material state at each specified point, ai. Therefore, the actual crack
growth per period at ai denoted by ri should depend strongly on initial crack

length, ao .

In the calculation of ri, the load interaction effects on acceleration
and retardation are accounted for by choosing the Vroman/Chang( 2 4 ) model, based
on the effective stress intensity factor range AKeff variations, where K is the
stress intensity factor which can be expressed as K = - in general.

It is worthwhile to mention that r is always a smooth, monotonically

increasing function of 8(a), the stress intensity factor correction function
which is monotonically related to crack dimensions. The advantage of this
relationship between r and 3 is that once such a relationship has been
computed, it applies for any configuration of .rack and structure, provided
the same loading sequence and the same material and prediction model are used.

Although r. is dependent on a0, an approximation can be made thati0
ri = f (a)
i p (ai

when f (ai) is the functional value of crack growth per periodic loading p
at crack length ai .
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An interpolation polynomial Pp(a) is constructed by choosing a set of n
distinct ordered crack length al, a?, ... an to generate a set of fp(ai). The
smallest an is smaller than ao; the largest an is larger than final crack

length, af. Since ri is a smooth monotonic function of 3, Pp(a) can be obtained
using fewer ri values, such as da/dP = Pp(a), which depicts the crack growth
periodic loading rate law. Experience has shown that simple quadratic inter-
polation polynomials produce reasonable results.

The solution of crack growth life in terms of the nimmrer of period P ver-
sus crack increment Aa can be obtained by integrating

dp = f[Pp(a)]-I da

Since Pp(a) is a nonzero, smooth, continuous function; (Pp(a)] -l is also a non-
singular, smooth, continuous function. Simple integration techniques along
the independent value a from ao to af will yield reasonable total crack growth
life Lp in terms of number of periods.

In the practical computation of Lp, the integration polynomial construc-
ted is not Pp(a) but [Pp(a)-I] from a set of l/ri values which are the inver-

sions of ri .

A flow chart of the basic module computational processes is shown in Fig-
ure 33.

5.3 PRELIMINARY DESIGN-LEVEL CRACK GROWTHANALYSIS PROGRAM PREGRO)

PREGRO is a crack growth prediction program based on the flight-by-flight
characterization of crack growth behavior identified as Method I in the phase
I report (2 ). The basic elements of the Method I program (CYCGRO) were incor-

porated in PREGRO, and a new subroutine was added to grow the crack on a
flight-by-flight basis. This technique consists of a three-step procedure
performed by PREGRO and subroutines CLAMDA and GROFLT. In the first step,
PREGRO performs a cycle-by-cycle analysis of a unitblock flight spectrum to
obtain crack growth rate per flight (aa/AF)j and a measure of the stress
intensity factor Kj for j values of initial crack size. The second step con-
sists of using a least-square-fit procedure for the (Aa/AF)j versus Ki
values to characterize an equivalent growth per flight rate equation in'sub-
routine CNIADA. In the third step, subroutine GROFLT uses the crack growth
per flight rate equation to calculate crack growth life. A flow chart illus-
trating the computational processes in PRE3GRO is shown in Figure 34.

Two basic rate equations were employed, one for load cycles with positive
stress ratios and the other for negative stress ratlr, load cycles. The
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modified Walker equation (16) serves as the basis for predicting crack growth

rates for positive stress ratio load steps. The Chang( 33) compressive load

acceleration model is used for negative stress ratio load cycles. Observation
of experimental data has shown that for low stress intensity factor ranges,
crack growth rates are reduced, and at a threshold stress intensity factor
range, AKth, no discernible growth is observed. This characteristic is
acccunted for by considering zero growth when the stress intensity factor
range is equal to or less than the threshold value. The cyclic growth rate

equations incorporating the threshold concept then are as follows:

da n for R>0=C l-4o K > AKhS- R)lth

da- c q  fr R < 0
dN [K > Kth

= 0 for K _< -K

dN th

where

C, m, n, and q empirically derived material constants based on
crack growth tests

R = cyclic stress ratio

K = maximum stress intensity factor
max

K . = minimum stress intensity factor

AK = Kmax - K in stress intensity factor range

AKth = threshold intensity factor

The generalized Willenborg (26 ) retardation model, in conjunction with the

Chang aceleration scheme, was selected to account for load interaction effects.

The first step in the damage accumulation scheme consists of calculating incre-

mental crack growth based on the cycle-by-cycle growth methodology for a unit-
block flight spectrum. The unitblock spectrum consists of all peak and valley
loadings which occur for a block of flights representative of the missions
flown during the aircraft lifetime.
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The Vroman linear approximation method(37) is employed to perform the
damage accumulation due to the unitblock spectrum. The approach is based on
the assumption that growth rate is a constant throughout a load step in a spec-
trum such that the crack size is in a linear relationship with the number of
load cycles. A load step consists of one or more cycles of constant-amplitude
loadings. A relatively small incremental change in crack length, Sa, is used
to calculate the growth rate for a given load step. The number of cycles
required to grow the crack through the assumed incremental length is then
given by:

N = Sa/(da/dN)

The value of N is compared to the cycles in that load step, Ni. If N is greater
than Ni, crack growth for that particular step is:

Aa = Ni (da/dN)

Crack length is increased bya, and the process continues to the next load
step. If N is less than or equal to Ni, N is subtracted from Ni, the crack
size is increased by da, and the load step is reconsidered. This process con-
tinues with N being compared to the remaining cycles in the step. Computation
continues until all load steps in the unitblock are exhausted.

The foregoing cycle-by-cycle crack growth analysis is performed for the
unitblock spectrum for a number of different values of crack size. Crack size,
aj, at the end of the unitblock spectrum is calculated from:

aj = a0 + (A a) .

where a0- are the selected values of initial flaw size and ( Aa)- are the
incremental changes in the crack size resulting from the unitblock spectrum.
Values of the initial crack size, aoj, are selected to cover the expected range
of crack sizes, starting at the initial flaw size and continuing through that
expected at failure. The crack growth resulting from the unitblock spectrum
for a period of NA flights is then defined by the following:

(Aa/A F). = (aa)j/NA

For each of the assumed initial flaw sizes, the corresponding measure of stress
intensity factor is defined by:

- -2IK. = A2)['(ao) + 4'(a.] 2

where (-) 1/2 is the root-mean-square of the stress range in a unitblock.
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The second step in the computational procedure consists of characterizing
the complex flight spectra into an equivalent constant-amplitude loading that
will produce the same crack growth life. This method was developed in phase
I of this program(2). Based on the observation that the crack growth rate per
flight, (Aa/AF)j, versus the RMS of stress intensity factor range, Kj, is a
nearly straight line when plotted on the log-log scale, the following relation-
ship is formulated:

da = -AdF C

The power exponent k and proportionality constant C are calculated in
subroutine CLADA by applying a least-square-fit procedure to the log (,& a/A F)j
versus log (KjI) data plot.

Crack growth life is then to be calculated as the third step of the
damage accumulation scheme. The linear approximation method is employed to
calculate life over a prescribed crack length interval in subroutine GROFLT.

5.4 SELECTION OF THE CRACK GROWTH ANALYSIS MODULE

The procedures in APAS III are designed to perform multistation detail
sizing of box-beam structural elements. Program options provide the user with
the choice of either analyzing the structure, based on input element sizing
definitions, or performing a redesign optimization within practical constraints

of element sizes. The optimization procedure is an iterative approach, start-
ing with user-defined initial size estimates and progressing until a member
of each symmetry grouping has a zero margin of safety or until minimum gage
constraints dictate sizing. This process is initiated for static load strength
design, followed by the analysis of fatigue life, crack growth, and residual
strength criteria. Within this operating framework of APAS III, an approach
was taken to compare the capabilities of the different crack growth prediction
modules for a common set of variables.

Test cases were representative of typical wing torque box structures for
transport and fighter aircraft categories. Common spectrum stress levels were
maintained by executing APAS to obtain strength sizing details which were then
input data to a second problem case in which only strength and crack growth anal-
ysis were performed.

Fracture mechanics material constants were based on existing APAS library
properties for 2024-T62 aluminum. The following is the procedure used to
derive comparable material properties for use by both proposed crack growth
modules: PRDGRO and PREGRO.
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The crack-growth-rate equation used in both of the proposed crack-growth
modules is the modified Walker equation, which can be expressed as:

da C-iAK n
l-m  for AK >AK TH

(1 - R)

da = 0 for AK_<AKTH
dN T

where C, n, and m are crack-growth-rate constants, AK is the stress intensity
factor range, R is the stress ratio, and AKth is the threshold value of.dK.

Comparison of this equation with the existing crack growth analysis mod-
ule (PROGRO) in APAS III suggests a similarity in the definition of material
constants. The Erdogan rate equation which serves as the basis for the life
prediction method in PROGRO is:

d_- = C km AKP

dN max

This equation may be written in another form by making the following
substitution.

K AK
max (l -R)

and

C A K m ]K= c P

6(l - R)'~

Comparison of constants in the modified Walker and Erdogan equations indicates
that these equations produce identical growth rates for the material constants
as defined in the following equations where the subscripts 'I" and "e" repre-
sent Walker and Erdogan constants, respectively.

= Ce

nw =me + Pe

mw = Pe(me + P e
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A tabulation of 2024-T62 aluminun growth-rate equation constants which
were used in the evaluation of crack-growth life predictions are shown in the
following (notice that they are in psi units):

Erdogan Equation Walker Equation

Parameter Value Parameter Value

C 2.726 x 10-22 C 2.726 x 10-22
e w

m 1.5 m 0.625
e w

Pe 2.5 n 4.0

(m+p) 4.0 4Kth 1,000

5.4.1 TRANSPORT CASE

The transport case was a wing torque box on a typical four-engine jet
transport aircraft. The construction of the torque box was 2024-T62 aluminum
upper and lower covers with riveted 7075-T6 J-stringers and Ti-6A1-4V ribs,
spars, and spar caps. Stringer spacing was set at 6 inches on the upper cover
and 7.5 inches on the lower cover. The cross section at wing spanwise station
600 was used for evaluating the effects of strength and stability sizing,
crack-growth analysis, and the redesign/optimization solution. Station 600
nodal coordinates, geometry, and cover element section details are shown in
Figure 35. Strength sizing results are shown in Table 24, and the correspond-
ing design stresses are presented in Table 25.

The stress spectrum for the transport case was obtained directly from
existing programmed procedures in APAS for evaluating a prescribed load pro-
file and occurrence data, together with a set of external load conditions. The
resultant spectrum is based on experimental data for the operation of a medium-
range transport aircraft. It is organized according to a prescribed sequence

and duration of flight segments. Each segment consists of subsegments or steps
of minimum and maximum stresses with the corresponding number of cycles that
occur in one flight. The ground-air-ground (G-A-G) cycle is obtained by taking
the maximum stress excursion between the peak i'. flight stress and the valley
ground condition stress. Due to the selected approach for developing this
spectrum, the number of cycles for a load step includes the decimal equivalent
of all loads that occur at least once in 10,000 flights. This spectrum format
is not compatible with the data format required for analyzing load interaction
effects attendant with the crack-growth-rate retardation/acceleration phenom-
ena. For the purposes of expediency in regard to evaluating the different
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crack growth modules, an interim procedure was implemented whereby the trans-
port spectrum encompassing a period of one flight included only those load
steps which occurred at least once in every two flights. This spectrum for
panel 9 in Figure 35 is presented in Table B-i in Appendix B of Reference 40.
The last load step in Table B-I represents the G-A-G cycle.

Test cases were executed to compare the performance of the existing crack
growth module (PROGRO) with the results of each of the proposed modules. The
Vroman/Chang(24) load interaction model was used to perform the cycle-by-cycle
analysis in both proposed modules. Results of the crack growth analysis test
cases based on strength designed structure are presented in Figures 3t through
38 in the form of crack length versus flight curves. For those cases where no
load interaction effects were considered, there was a variance of 3 percent in
predicted life as shown in Figure 36. Figures 37 and 38 show the effect ',
overload retardation on crack growth life as predicted by PRLM;R and PRLiRi_,
a comparison of these results with the PROGRO prediction is shown in i-igkire v,

The design-to crack-growth life requirements was obtained by pet:z. .
a redesign optimization. In the transport cases, the initial flaw size. -
2 inches, and the inspection interval was 20,000 flights. The tranprT .I;'
sis results for station 600 are shown in Tables 26 through 30. Ntaxintn iri
and stiffener stresses, critical flaw size, number of safe-life flight-, ird
the weight penalty for each of the cover panels are presented in these tabfe,.
A weight penalty of 8.56 percent was predicted by PROGRO for the lower co,\el

panels as shown in Table 26. Corresponding results by PRDGRO and PRTLR1,
without accounting for retardation effect, were 7.74 and 8.1 percent, res-
pectively. PRDGRO and PREGRO predict reduced weight penalties as a result c
accounting for overload retardation effects. The weight penalties were reduced

as a result of considering overload retardation effects. The weight penalties
were reduced to 4.19 percent using PRDGRO and to 1.99 percent using PRF}.RO.
(Refer to Tables 28 and 30.) Computer execution time and costs were comparable
for the transport runs with the various modules. PREGRO execution time i.as
slightly higher than that for PRDGRO.

5.4.2 FIGHTER CASE

The wing for a contemporary lightweight fighter was selected to evaluate

program process results for fighter spectrum and design parameters. The torque
box construction for this fighter wing was a multirib design with 2024-T62
integral blade-stringer cover panels and transverse-angle stiffened front and
rear spars. The cross section at spanwise station 21.64 was used to evaluate
the results of the different crack growth prediction modules. Figure 40 pre-
sents the section geometry parameters at station 21.64. Strength sizing
details and design stresses are presented in Tables 31 and 32.
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A typical load spectrum for an air-to-ground fighter was input into APAS
in the form of cycle-by-cycle random stress history. This spectrum, created
by program SPECGNl( 48), consisted of generalized peaks and valleys in the
form of percentage of local design limit stress. It reflects a unitblock of
50 flights representative of the missions throughout the aircraft lifetime.
G-A-G cycles were inserted at the beginning and end of each flight in such a
way that in each flight the first valley was replaced by the ground load and
the last peak was followed by the ground load. The resultant spectrum for
panel 9 in Figure 40 is presented in Table B-If in Appendix B of Reference 40.

Crack growth analyses were again performed by PROGRO, PRDGRO, and PREGRO
modules. Material constants used in the analysis were identical to those used
in the transport cases. Crack length versus flight curves resulting from the
crack growth analysis of structures sized to strength requirements are presented
in Figures 41 through 44. Design to crack growth life requirements was based
on an arbitrarily selected initial flaw size of I inch, with an inspection
interval of 4,000 flights. Predicted weight penalty trends for the fighter
wing were similar to those for the transport. APAS results for the fighter
wing at station 21.64 are presented in Tables 33 through 37. The predicted
weight penalty of 18.95 percent by PROGRO (Table 33) is reduced to no penalty

by PREGRO as a result of including retardation effects. PREGRO proved to be
more efficient than PRDGRO in evaluating the more complex fighter load spec-
trum. PREGRO required approximately 30 percent less computer central proc-
essing unit time. Based on this advantage, PREGRO was selected for incorpora-
tion into APAS.

5.5 APAS III PROGRAM REVISION

The APAS III program uses a modular segmented load structure. The modu-

lar configuration of this program facilitated those modifications and additions
required to integrate the PREGRO crack growth prediction module and the load
spectrum processing revisions.

5.5.1 FRACTURE MECHANICS MATERIAL PROPERTY LIBRARY

The composition of the fracture mechanics material property library was
revised to provide the material constants required for the crack growth anal-
ysis performed by PREGRO. Crack-growth characterization parameters employed

by the modified Walker equation, in conjunction with the Willenborg retarda-
tion model and the Chang acceleration scheme which were incorporated into
a preliminary library, are shown in Table 38.

This program revision was accomplished by modifying the input data pro-
cessing routine and the labeled common blocks used for data storage and
transmission.
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5.5.2 LOAD SPECTRUM GENERATION

The load spectrum for fatigue and crack-growth analyses within APAS was
based on operation of a medium-range transport aircraft. In order to extend
the utility of APAS, a task was conducted to provide program users with the
capability for evaluating a broader range of aircraft categories and mission
parameters. Toward this objective, a load spectrum based on a typical light-
weight fighter was added to the APAS program library. The existing approaches
used for the transport spectrum definition and blocking of mission segment
steps were maintained to minimize program revision. Options were added which
allow the user to modify parts of the programmed transport or fighter spectra
or to specify an entirely new spectrum. An alternate means of defining spec-
trum loads in the form of stress levels and cycles was also implemented.

The flight profile used as the basis for developing a typical fighter
service load spectrum is presented in Table 39. This profile presents the
segments of an air-to-air combat mission for a typical lightweight fighter.

Maneuver loads for the flight segments were obtained from Reference 50, which
presents the data in the form of load factor versus cumulative occurrences.
In conjunction with the foregoing data, a representative supersonic air-to-air
combat spectrum has been added as shown in Table 40. Taxi load factor versus
cumulative occurrence data were obtained from Reference 50. Incremental load
factor versus frequency of occurrences for the landing segment was derived
from the table of landing sink speed versus cumulative occurrences. Sink
speed was converted to vehicle load factor by assuming a landing-gear stroke

of 12 inches and oleo efficiency factor of 0.8.

The methods used for subdividing fighter mission segments into subsegmnents
which represent discrete magnitudes of incremental loads were based on existing
APAS procedures. The range of incremental load factors was divided into 20
discrete subsegments as shown in Table 41.

The approach to spectrum development in APAS is such that the number of
cycles for a load step includes the decimal equivalent of all load excursions

that occur at least once in 10,000 flights. This spectrum format is not
ideally suitable with the basic formulations for predicting load interaction
effects attendant with the crack-growth-rate retardation/acceleration phenom-
ena. Therefore, program modifications were incorporated to process only those
load steps which occur at least once in each block of flights. In order to
ascertain a reasonable block size for crack growth prediction, a study was
conducted for various sizes of flight blocks(S 4). The local spectrum for panel
9 of the fighter torque box shown in Figure 40 is presentd in Tables 42
thrnugh 44 for a block of one, 50, and 100 flights.
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A tabulation of the aluminum (2219-T851) growth rate equation constants
which were used in the test cases were as follows:

Walker Equation Erdogan Equation

Parameter Value Parameter Value

C 1.0059 x 10-20 C 1.0059 x 10"20

(in psi units) (in psi units)

m 0.6 m 1.4S6w e
" Pe 2.184

nw 3.64 (m+p) 3.64

q 0.3 -

The crack-growth analysis was performed for a centered-through crack with
an initial crack length (2a) of 1 inch. A constraint of 15,000 flights was
imposed for those cases where the analysis was followed by a redesigned opti-
mization of the structural sizing. A summary of the results obtained from the
different program configurations is shown in Table 45. For all cases where
PREGRO was executed without consideration for load interaction effects,
there was a maximum difference of 1.2 percent between the results obtained
from PREGRO and PROGRO. This variance is attributed to the difference in inte-
gration schemes for crack growth life.

Crack length versus flight curves resulting from the crack growth analysis
of structure sized to strength requirements are presented in Figure 45. These
curves are based on a load spectrum consisting of load steps which occur at
least once in each flight. There is a negligible difference between the life
prediction from PROGRO and that from PREGRO without load interaction effects.
The increased life due to the load interaction effects are plotted in Figure
45. The results obtained by performing a redesign optimization are presented
in Tables 46 through 49. Maximum skin and stiffener stresses, critical

initial flaw size, number of safe-life flights, and the weight penalty for each
of the cover panels are presented in these tables. A weight penaltv of 10.93
percent was predicted by PROGRO for the lower cover panels, as shown in Table
46. The corresponding result from PREGRO without consideration for load inter-
action effects was 11.06 percent, as shown in Table 47. The result of account-
ing for retardation and acceleration effects was a 15.94-percent penalty (Table
48), and an 8.36-percent penalty resulted from considering only the retardation
effects (Table 49).

In addition to the analysis performed for the load spectrum consisting of
a one-flight block, corresponding program runs were made for load spectra
based on 50- and 100-flight blocks. Crack length versus flight curves for
these cases are shown in Figures 46 and 47. Structural redesign optimization
results are presented in Tables 50 through 5'.
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Crack length versus flight curves predicted by PROGRO for the different
spectra flight block sizes is depicted in Figure 48. The curve based on

including all fractional cycle steps, the original premise in PROGRO, is also
shown in this figure. The predicted life curves approach close agreement for
flight block sizes of 50 and 100 flights. The major difference between the
curves for 50- and 100-flight blocks and the curve based on all fractional
cycle steps is due to the maximum spectra stresses. The high load conditions
with low probability of occurrence which were included in the spectrum which
considered fractional cycle steps resulted in a shorter critical crack length.
Crack length versus flight curves predicted by PREGRO with retardation and
acceleration effects for the different spectra flight block sizes are shown
in Figure 49. The predicted life for the 50-flight block was 8.7 percent
higher than that for the 100-flight block.

A plot of weight penalties from the structural redesign optimization
solutions versus spectrum block sizes is shown in Figure 50. The results from
PROGRO are compared with those from PREGRO with retardation and acceleration
effects. As noted previously, program solutions approach close agreement for
flight block sizes greater than 50 flights. For the case of a one-flight
block, the accounting for load interaction effects by PREGRO resulted in an
increase in structural penalty. For the 50-flight block size case, PREGRO pre-
dicted a decrease in structural penalty due to load interaction effects. This
difference can be attributed to the omission of significant high load steps

in a truncated spectrum for a one-flight block. For the typical air-to-air
fighter spectrum stored in APAS, the 100-flight block size seems to be a satis-
factory compromise for use by PRIEGRO.

5.5.3 STIFFENTD PANEL CRACK LIBRARY

A complete library of riveted stringer stiffened panel stress intensity

correction factors(5 3) has been restored into APAS. Table values and inter-
polation procedures for subroutine POtDAT were obtained from VDEP II(55) pro-
gram listings. In order to validate table data values and table interpolation
procedures; a stand-alone graphic plotting program was used to process ctress
intensity correction factor library for the 75 sets ot data covering a range
of stiffener spacings, percent stiffening, and broken stiffeners. The results
of sample runs showing the relative difference in predicted life based on the
generalized stress intensity correction factor versus interpolated data repre-
senting the structural model are shown in Figure 51.

S.5.4 CRACK-GROfH ANALYSIS FOR PLATI: CONSTRUCTION CONCEPTS

APAS crack growth prediction capabilities were extended to include the
evaluation of plate construction structural concepts. In order to perform

this analysis, a new subroutine CRITIC was created to calculate critical
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crack length based on design limit load. Procedures in PREGRO are then used
to calculate life based on crack growth from the initial flaw size to the
critical crack length. The redesign optimization scheme for plate construc-
tion concepts is similar to that used for stringer stiffened panel designs.
For the plate construction concepts, flaw-growth criteria are satisfied when
the desired life is reached at the instant that the crack reaches critical
crack length, as opposed to the stiffened panel concept maximum crack length
constraint of six stringer bays.
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6.0 EXPERIMENTAL VERIFICATION

To verify the two crack growth prediction methodologies developed in
phase II, an experimental verification program was conducted in phase III.
This program consisted of two major tasks. The first task was an experimental
program which consisted of two primary test groups: group I - Fighter Air-
craft Spectrum Loading Test and group II - Transport Aircraft Spectrum
Loading Test. The second task was the performance of analytical predictions
using two computer codes: CRKGRO and FLTGRO. Analytical prediction results
were then correlated with the test data. The following paragraphs describe
the experimental program and the correlation results in detail.

6.1 EXPERIMENTAL TEST PROGRAMl

6.1.1 FIGHTER AND TRANSPORT SPECTRUM DEVELOPMENT

Two groups of tests were conducted in this experimental verification
program. For the group I tests, the following four baseline load spectra of
the F-15 fighter aircraft furnished by the Air Force were used to generate the

fighter baseline test spectra and their variations.

1. Air-to-Air (A-A) mission - 192 flights, 4,992 cycles

2. Air-to-Ground (A-G) mission - 264 flights, 4,997 cycles

3. Instrumentation and Navigation (I-N) mission - 445 flights,
2,672 cycles

4. Composite mission - 206 flights, 4,246 cycles.

All the baseline spectra were in the random cycle-by-cycle format. The
peaks and valleys are in the form of percentage of design limit stresses
(DLS). For all the baseline spectra, the design limit stresses were

arbitrarily set to 30 ksi. The baseline spectra data are included in Volume II
of this final report.

Twenty-one spectrum variations were developed from the preceding fighter
baselines. Table 58 shows the fighter spectrum variations test matrix, which
represented the following five major spectrum variation types:

1. Stress level

2. Compression load

3. High load clipping
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4. Low load truncation

5. Mission sequence

In addition to the spectrum variations, eight mission-mix variations
were developed in group I as shown in Table 59. Among these eight mission-mix
variations, five used the three fighter baseline spectra (A-A, A-G, and I-N
missions) developed in phase I. These three baseline spectra were also gener-
ated from the F-15 aircraft baseline load data and were also in the random
cycle-by-cycle format. Detailed values of the peak and valley of each cycle for
these phase I baseline spectra were documented in Volume II of the phase I final
report(3 ). To develop the mission-mix variations, each of the three baseline
spectra was arbitrarily divided into five parts. Each part consisted of a
certain number of flights. The divided parts of these three baseline spectra
are shown in Tables 60 through 62. The symbol [mission xjj represents the jth
divided part of the x-mission, while N(mission X]m-n indicates N-flight of the
x-mission consisting of the flights from the mth flight to the nth flight in
the baseline. For example, (A-A)1 , represents the first divided part of the
(A-A) mission, while 11 (A-A)1_1 1 indicates that there are 11 flights of
the (A-A) mission, starting from the first flight to the eleventh flight in
the (A-A) mission baseline spectrum. Five mission-mix variations (M-301,
M-302, M-303, M-304 and M-305) developed from the phase I baselines were
constructed as shown in Table 60.

Three additional fighter mission-mix variations were constructed in group
I usinthe phase III baseline spectra, including (A-A)II I, (A-G)1 11 , and
(I-N) missions shown in Volume II of this final report. The mixture of
these three mission-mix variations is shown in Table 61, while the divided
parts of each baseline spectrum are listed in Table 62.

For the group II tests, the transport composite baseline spectrum
originally developed in phase I, which contained 21 flights, was again used
as the baseline. For the sake of completencss, this transport composite
mission spectrum table is included in Volume II of this final report. Notice

that the peak and valley of each cycle were already in the unit of stresses
(ksi). A total of seven transport spectrum variations were derived from
this composite baseline spectrum as follows:

1. All the tension and compression stresses were increased by 60
percent.

2. All the compressive stresses were set to zero.
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3. All the compressive stresses were increased by 25 percent.

4. All the compressive stresses were increased by 50 percent.

5. All the cycles with maximum stresses less than 8 ksi were truncated.

6. The minimum stresses of those cycles with stress ratio R > 0.75

were lowered to amin = 0.75 amax.

7. Deleted all the cycles of a flight, except the ground-air-ground
(G-A-G) cycles. The G-A-G cycle of the 21 composite flights is
given in Table 63.

6.1.2 MATERIAL AND SPECIMENS

All test specimens were the ASTM standard center-cracked tension (CCT)
specimens (8) which were machined from a single heat of 2219-T851 aluminum
alloy plates procured to specification QQ-A-2SO/30. The plates were 48 by 144
inches and had a nominal thickness of 1/4 inch. The plate material was pur-
chased from Ti-Con Industries, Huntington Beach, California. A description of
the material, including the chemical and physical properties, is listed in
Tables 64 and 65.

The test specimen blanks were machined from three plates. Each blank was
uniquely serialized to identify the plate from which it came and its location
within that plate. The blanks were then finish-machined to the configuration
shown in Figure 52. All test section thicknesses were 0.250 inch, and the
longitudinal grain was oriented parallel to the loading direction. The center
notches were installed by ET14 Laboratories, Garden Grove, California, employing
the wire electrical discharge machining process. The center notch configuration
was selected in order to minimize geometric considerations in calculating the
stress-intensity factor.

6.1.3 TESTING PROCEDURES

All tests were conducted in the Rockwell/NAAD Structure Test Laboratory,
employing the 500K MTS fatigue testing systems. An MTS load tower (Figure 53)
consists of a rigid load frame and incorporates a dual-bridge load cell and
hydraulic actuator. Applied loads are controlled through a closed-loop
servo-system and load programmer test system, with load cells and servovalves
optimized for controllability and cyclic load rate. The randomized tests
were controlled by the Datum servosystem 70, a computer-controlled fatigue
test system selected for this application because of its capability to handle
much longer waveforms than is possible with the integral MTS computer
equipment. As used on the random spectrum tests, the Datum system acts as a
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waveform generator and provides a command signal output to the MTS
servocontroller. The MTS system returns a load cell feedback signal to the
Datum system, which was used for desired versus actual load error checking.
The only other interfaces between the two systems are discrete signals
providing test control, including hold, run, and ramp on servocontroller
error detection. A schematic of the interrelationship of the MTS and
Datum 70 systems is shown in Figure 54. Loads were transmitted from the
test machine heads to the specimens through hydraulically actuated friction
grips.

The EDM crack starter slot in each specimen was precracked to produce

an initial crack length, 2c, of approximately 0.30 inch. Precracking was
performed under constant-amplitude cycling at an R-factor of zero and with

maximum cyclic stresses of 10 ksi. All tests were run in ambient laboratory
air at room temperature. The cyclic rate was between 4 and 6 Hz, depending
on such factors as load level, load range, and the presence of compression
loads. Crack growth was measured by visual optics reading from precision
scales attached to each side of the specimen adjacent to the EDI slot.
Measurements were made and recorded after approximately each 0.05-inch

increment of growth.

6.1.4 EXPERIMENTAL VERIFICATION TEST RESULTS

The majority of these 2219-T851 aluminum CCT specimens were tested to
failure, with the crack growth life of each specimen exceeding 1,000 flights,
as required. The measured crack growth data of these tests were originally
recorded in a laboratory log book in the measured crack growth (&a) versus
total elapsed cycles (N) format. For the purpose of data reduction and
presentation, test data were coded into PLOTRATE (17), an automated graphical
presentation program, resulting in a computer printout of the raw data for
each test as well as other calculated parameters such as (da/dN), (Kmax), and
(AK), in a prearranged tabular form. A typical PLOTRATE printout is shown
in Volume II. Notice that the original data tabulation form was designed
for calculating those parameters from constant-amplitude loading tests. For
spectrum tests, only the measured crack sizes and corresponding tests cycles
are valid.
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6.1.4.1 Fighter Spectrum Test Results

Fatigue crack growth test results of the four fighter baseline spectra

(A-A, A-G, I-N, and composite) were processed by PLOTPATE. Test results of

these four fighter baseline spectra tests are documented in Volume I. Table

66 shows the crack lives of these fou:r test specimens: F-B-i (A-A), F-B-2

(A-G), F-B-3 (I-N) and F-B-4 (composite).

For the purpose of comparison, crack growth curves in the half-crack
length (c) versus total elapsed cycles (N) format of these four test cases
were plotted by PLOTRATE on a single chart. (See Figure 55.) It shows that
the A-A mission is apparently the most severe mission among the four fighter
baseline spectra tested. The I-N mission is the least severe one. Comparing
the crack growth curves of F-B-3 and F-B-I for cracks with identical crack
length, the crack growth life of the 2219-T851 aluminum CCT specimen under
the I-N mission type of random spectrum loading with the DLS = 30 ksi, the
crack growth life is 2.3 times longer than its A-A mission counterpart.

The composite spect-run consists of 92 flights of A-A missions, 90
flights of A-G missions, and 24 flights I-N missions. Hence, it was expected
that the life of F-B-4 would be longer than that of F-B-i and shorter than
that of F-B-3. The fact that the F-B-4 crack curve is between the F-B-I
and F-B-3 growth curves indicates that the test results are in the right
trend.

Growth data of the fighter spectrum variation tests are also shown in
Volume II. Again, the test data were presented in the typical tabular format
done by PLOTRATE. Test numbers, specimen types, and spectrum variations of
these test cases were shown in Table 58. Fatigue crack lives of these test
cases are summarized in Table 67. It can be seen from the table that all
tests, except FB-V-B-3 and FB-V-B-4, were tested to failure. The random flight
spectrum applied to FB-V-B-3 was the I-N mission with DLS = 25 ksi. The
tested flight spectrum for FB-V-B-4 was the composite spectrum with DLS also
at the 25 ksi level. For FB-V-B-3, 40,080 flights (222,331 cycles) of I-N
mission were applied to the test specimen with a final crack length of cf
0.83 in. For FB-V-B-4, 7,736 flights (159,514 cycles) were applied. The
crack grew from ci = 0.145 in. to cf = 0.61 in. The shortest life tested
was the increase of DLS to the 35 ksi level for A-A mission (FB-V-C-i). The
total crack growth life was 1,293 flights (33,616 cycles).

-pctrum variation effects on crack growth for the four fighter baseline
spct. can be seen from the combined crack growth curves as shown in Figures
5t through 60. Fatigue crack life comparisons of the test spectrum varia-

t " the baseline spectra are shown in Tables 68 through 71. Ratios of
the crack life under spectrum variation to the baseline spectrum of each type
of spectrum variation were also shown in these tables. For all spectrum

varV tions tested, the spectrum variation effects to the crack growth seem to
- i..cpendcnt of the mission types. The largest effect to the crack growth
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is the stress level. At low stress levels (DLS = 25 ksi), the ratio of the

spectrum variation life, NV, to the baseline life, NB, for the composite
spectrum is NV/NB = 3.08. For the I-N mission, NV/NB = 2.61. At high stress

levels (DLS = 35 ksi), NV/NB for the A-A spectrum is 0.46, for the A-G mission
is 0.54, for the I-N mission is 0.63, and for the composite mission is 0.45.

Ratios of the crack growth life of the compressive load variation (all

compressive loads set to zero) to the baseline spectra varies from 1.2 for

the A-A mission to 1.03 for the A-G mission. For the I-N and composite
missions, NV/NB is 1.15 and 1.16, respectively. Among all the spectrum

variations tested, the 45-percent low-load truncation for the composite
mission had the least effect to crack growth life. In this test case,
FB-V-G-4, the ratio is 1.01. For the high-load clipping variation when
high loads clipped at the 85-percent DLS = 30 ksi level, the ratio is
0.69 for the A-A mission and 0.57 for the composite mission.

The eight test specimens, M-301 through M-308, of the fighter mission-mix
variation testing were also tested to failure, with the crack growth life of
each specimen exceeding 1,000 flights, as required. The measured crack growth
data were again processed through the PLOTRATE program and are presented in
Volume II of this report.

Five out of the eight mission-mix variation test spectra were developed
using the fighter baseline spectra developed in phase I. The rest of the three
test spectra were based on the fighter baselines developed in phase III. The
mission-mix variation effects on the crack growth lives of these two sets of

tests can be seen in the combined crack growth curves shown in Figures 60 and
61. For the first set, the largest crack growth life variation is between

M-301 and M-303. The fatigue crack growth life of M-303 was approximately
20-percent longer than that of M-301. This is because the M-303 test spectrum
contained more I-N missions than the M-301 test spectrum, resulting in a
longer life. The I-N spectrum is much less severe than the A-A and A-G spectra.
Table 72 stmmnarizes the results. For the mission-mix variations which used

the phase III fighter spectra as the base, those mixed missions containing

similar ratios of A-A missions to the total mission (70/206 for M-306 and
92/207 for M-307), the crack growth lives were not noticeably different. The
increase of crack growth life due to the reduction of the ratio of the A-A

mission can be clearly seen from the M-308 test case. Figure 61 illustrates
this effect. The results of comparison of crack growth lives for this set of
mission-mix spectrum test to the baseline is shown in Table 73.

6.1.4.2 Transport Spectrum Test Results

The baseline test specimen, T-B-I, was tested using the transport
composite spectrum identical to the one used in test M-93 conducted in phase I.

The crack growth lives of these two tests varied only approximately 5 percent.
This demonstrated the repeatability of two duplicate tests.
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Seven transport spectrum variation tests were conducted under the random
spectrum, with the variations described in 6.1.1. Test results of these
seven tests are shown in the combined crack growth curves (Figure 62). For
direct comparison of the spectrum variation effects, the crack growth life of
each test, NV, was divided by the crack growth life of the baseline test, NB.
Results are shown in Table 74. All test results of the transport spectrum
tests are documented in Volume II.

6.2 ANALYTICAL PREDICTION AND CRACK GROWTH DATA CORRELATIONS

6.2.1 ANALYTICAL PREDICTIONS

Fatigue crack growth life predictions on all test cases were performed
using the crack growth prediction methodologies developed in phases I and II.
The CRKGRO program was used to perform the detailed crack growth analysis on a
cycle-by-cycle basis, while the FLTGRO program was used to perform the flight-
by-flight crack growth analysis on a one-cycle-per-flight basis. The following
paragraphs describe the analytical predictions in detail.

6.2.1.1 Cycle-by-Cycle Crack Growth Predictions

Fatigue crack growth predictions applying the cycle-by-cycle crack growth
analysis methodology were performed through the use of CRKGRO. The crack-
growth-rate constants and other related crack growth parameters used in the
predictions were those established in phase II, Development of Predictive
Methodology. Thus, this set of prediction represented the truly "blind
prediction" results. The following were the values of each constant and
parameter for the 2219-T851 aluminum alloy used in the blind predictions:

-10 +
C = 5.066 x 10 (in ksi unit) Rc = 0.75

cut

n = 3.83 Rcut = -0.75

m = 0.6 AKth = 2. Sksi v4 in.
0

q = 0.3 K = 65 ksi in.c

A = 1.0 ty = 48 ksi

R = 3.0so
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All the random flight spectra were range-pair counted before the
performance of the crack growth analysis. To reduce the computation cost,
spectra longer than 3,000 cycles were counted segmentally at 500 cycles per
segment. Both the load-interaction solutions and the without-load-interaction

solutions were obtained for all the test cases. The without-load-interaction
solutions did not account for the tensile overload retardation effect, the

compressive load acceleration (negative stress ratio) effect, as well as

the reduction of retardation by compression loads effect to the crack growth.

Results of the analytical predictions for both the fighter and transport
spectrum test groups are summarized in Tables 75 and 76. The predicted
life, Np, for each test case is either in number of cycles and number of
flights or just in number of flights as appropriate.

6.2.1.2 Flight-By-Flight Crack Growth Predictions

Analytical predictions were also performed by using the FLTGRO program in
order to verify the flight-by-flight crack growth analysis methodology which
employs the spectrum characterization method developed in phase I. Only the
one-cycle-per-flight option of the FLTGRO program was executed. This is
because the multisegment-per-flight option usually provides more accurate

predictions (56). To verify the flight-by-flight crack growth prediction
method, assessing the less accurate prediction results obtained from FLTGRO
should give better indications.

To provide a direct comparison to cycle-by-cycle predictions, the
crack-growth-rate constants and other parameters inputted into FLTGRO were
identical to those inputted in CRKGRO. Again, random flight spectra were
range-pair counted prior to the performance of the analysis. Only the
load-interaction solution option was executed.

Crack growth predictions obtained from FLTGRO for both the fighter
spectrum test cases and the transport spectrum test cases were also listed
in Tables 75 and 76. The predicted lives (Np) were in number of flights.

6.2.2 CRACK GROWII TEST DATA CORRELATIONS

Analytical predictions obtained from CRKGRO and FLTGRO were correlated
to the crack growth test data in order to verify the prediction methods deve-
loped in this program. The predicted crack growth behavior obtained from the
computer program for each predicted case was plotted against the test data.
Typical such plots are shown in Figures 63 through 68. The rest of the plots
can be found in References 56 through 58. The test crack growth curves were
the graphical outputs of the PLOTRATE program. The analytical prediction
curves were plotted by hand. Only the load-interaction solutions were plotted.
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The dashed and dotted lines in those figures represent the crack growth behavior
predicted by CRKGRO using the cycle-by-cycle crack growth prediction approach,
whereas the broken lines represent the crack growth predicted by FLTGRO using
the flight-by-flight crack growth analysis method. In these figures, all the
lives are in number of cycles. It can be seen that for most cases, the
prediction correlated with the test data rather well.

To assess the prediction accuracy of each method, the ratio of the
predicted crack growth life to the test crack growth life, Np/Nt, was calculated
for each test case. The results were summarized in Table 75 for the fighter
spectrum test group and in Table 76 for the transport spectrum test group.
Figure 69 shows the plots of the predicted lives versus the test lives for the
33 fighter test .ases. A histogram for the 33 fighter test case correlations
is shown in Figure 70.

The average prediction ratios for the fighter spectra and the transport
spectra for each set of solutions were calculated together with their standard
deviations. Results are shown in each table. For the fighter spectrum test
group, the average prediction ratio of the 33 test cases is 0.88, wish a 0.17
standard deviation for the load-interaction solutions obtained from CRKGRO,
and 0.64, with a 0.15 standard deviation for the without-load-interaction
counterparts. The average prediction ratio is 1.04, with a 0.26 standard
deviation for the load-interaction solution obtained from FLTGRO. Table 77
presents the average prediction ratio and the corresponding standard deviation
for each set of analytical predictions for the fighter spectrum test group
and the transport spectrum test group separately.

From the results of the test data correlations, the prediction accuracies
for both CRKGRO and FLTGRO load-interaction predictions on the fighter
spectrum test cases are well within the acceptable range for the currently
required damage-tolerance analysis for fighter aircraft. Yet, from the
transport prediction results shown in Table 76, it was felt that the predic-
ticns were in general, not too desirable. Hence, refinement efforts in the
prediction for the transport cases wvere conducted.

6.2.7 REFINff[ENT OF ANALYTICAL PREDICTIONS

6.2.3.1 New Fatigue Crack-Growth-Rate Equation for Negative Stress Ratios

: fatigue crack-growth-rate equation for negative stress ratios (R < 0)
use: the blind predictions presented in the preceding section is expressed
as ows:

da/dN = C [(l-R)
q K maxn

- c is the acceleration index for a specific negative stress ratio and C
:re the crack growth rate constants obtained from the R 0 test data.
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The value of q is determined by the following relationship proposed by

Chang:

q = [In(r)/In(l-R)]/n

where r is the ratio of the crack growth rate at a specific negative stress
ratio to its R = 0 counterpart measured from tests.

For the load-interaction solution, the fatigue crack-growth-rate
equation as shown previously is used in conjunction with the Willenborg
retardation model in CRKGRO when the calculated effective stress ratio is
negative. The stress ratio R is then replaced by the effective stress ratio,
Reff, which becomes:

da/dN = C [(l-Reff)q K ]n
maeff

Because Reff varies from one cycle to another cycle in random spectrum
loadings for a given material, a set of q-values is needed in order to
accurately determinate the fatigue crack growth rates. To generate a set of
q-values for a wide negative stress ratio range requires extensive experi-
mental data. Therefore, to be practical, an "average q-value" approach was
employed in the fatigue crack growth correlations conducted previously.
This is to apply a single q-value for a certain negative stress ratio range
in the Chang equation in obtaining an average negative stress ratio effect
to the fatigue crack growth behavior in that specific negative stress ratio
range. For 2219-T851 aluminum, the average q-value chosen in the analytical
predictions for the negative stress ratio range from 0 > Reffa -0.99 was 0.3.

The Walker equation used in CRKGRO for positive stress ratios is
formulated in terms of AK as follows:

da/dN = C [AK/(l-R)I-
n

where m is the Walker stress ratio collapsing factor for positive stress
ratios.

Converting AK to (1-R)K max , it becomes:

da/dN = C [(l-R)
m K ax] n
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Notice that the Walker equation and the Chang equation for negative
stress ratio are identical in mathematical form. Yet, the exponent in the

Walker equation is determined in a different way, as described in Reference 54.

To avoid the confusion in the usage of these two equations, a new fatigue
crack-frowth-rate equation for negative stress ratios has been formulated by
Chang '58). This new equation is expressed as:

2) n
da/dIN = C [(l+R2)q K 1nmax,

where the constants C and n are the same crack-growth-rate constants obtained
from the R 2 0 test data as they were required in the fatigue crack-growth-
rate equation.

The value of q in the preceding equation can be determined using
a relationship similar to Chang's equation; i.e.,

2
q = [In(r)/In (l+R )]/n

where r is the ratio of the crack growth rate at a specified negative stress
ratio to its R = 0 counterpart obtained from experimental test data.

This new equation has been incorporated into the CRKGRO program. Again,
for the spectrum load application, the average q-value approach was adopted.
For 2L19-T851 aluminum in the negative stress ratio range from 0 - Reff
z-0.75, q = 1 was found to be a good number.

To assess the predictive accuracy for employing this new rate equation
in the crack growth analysis, correlations on all the 33 fighter spectrum
tests were conducted. This was done by running CRKGRO with the following set
of rate constants. Notice that except for the q value, the remainder of the
constants and parameters were identical to those used in the "blind predictions".

-10
C = 5.066 x 10 (in ksi unit) q = 1.0

+

n = 3.83 R = 0.7S- cut

; = 0.6 Rcut =-0.75

LK = 2.S ksi /in. K = 65 ksi in.

0 c

R =3. 0 Ut 48 kslso t
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As before, all the random flight spectra were range-pair counted before the
performance of the crack growth analysis. Spectra longer than 3,000 cycles
were counted sequentially at 500 cycles per segment.

The ratio of the predicted crack growth life to the test crack growth
life, Np/NT, was calculated for each test case of the fighter spectrum group
and presented in Table 78. For comparison, NP/NT ratios obtained using
the old equation were also presented in this table. Results showed that these
two sets of predictions were almost identical. The average ratio for the

predictions using the new equation is 0.87 with a 0.17 standard deviation,
while the predictions using the old equation are 0.88 with a 0.17 standard
deviation. Figure 70 shows the plot of the predicted lives versus the test
lives from the 33 test cases.

For further comparison, histograms of these two sets of prediction
results were constructed as shown in Figure 71. These two histograms almost
completely overlapped, which indicates the similarity of the two negative

stress ratio rate equations. The histogram of the result of predictions
without considering the load interaction was also plotted in Figure 71 for
the sake of comparison.

Analytical predictions on the eight transport spectrum cases were
also obtained by rerunning the CRKGRO program with the new rate equation,

with q = 1.0. As before, all the flight spectra were range-pair counted
before performing the crack growth analysis. The ratio of the predicted crack
growth life to the test crack growth life was again calculated for each test
case of the transport spectrum group. Table 78 summarizes the result of the
comparison for the analytical predictions using the new equation and the old

equation. The average Np/NT ratio was 0.78 with a 0.43 standard deviation.

6.2.3.2 Change of Crack-Growth-Rate Parameters

From the results of the transport spectrum test data correlations
shown in Table 79, the predictions seemed somewhat overconservwtive.
Hence, efforts have been devoted to investigating the sensitivities of the
crack growth parameters for 2219 T851 aluminum used in the analysis. The

negative stress ratio cutoff vai]:e, R.ut was the first to be investigated.
In the previous analytical predictions, Rut was selected to be -0.75,

based on the assumption :hat for this material under the fully revised cyclic
loading condition; i.e., R = -1, the overload retardation effect will be
reduced to only 25 percent by the compressive load inmediately followed.
This high percentage reduction was not based on solid test data. Hence, the
value is rather questionable. For fighter spectrum cases, because the

tension-compression cycles are not the predominant damage cycles, the use of

inaccurate R-ut in the analys;s did not affect the predictive accuracies.
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Yet, for transport spectrum cases, the G-A-G cycle of each flight contributed
60 percent of the damage as shown in Table 79. Consequently, bigger errors
were most likely introduced to the analytical predictions by using the
purely assumed RKut value. To investigate this effect, a study of the K-ut to
the predictive accuracy was thus conducted. Data employed in this sensitivity

study were two transport spectrum test data which were related to the increas-
ing of the compressive load levels (tests T-B-V-4 and T-B-V-5) and the fighter
composite baseline test F-B-4. Values of the negative stress ratio cutoff
used in this study were PKut = -0.75, -0.50, and -0.25. Results of the study
(Table 80) showed that for transport cases, the predicted lives increased bv
a bigger factor when the value of the Rcut changed from -0.75 to -0.25. In
T-B-V-4, for example, the prediction ratios changed from Np/NT = 0.53 to 1.10
when P&ut changed from -0.75 to -0.S. For the fighter case, the predicted
lives virtually did not change.

From this study, it was decided to select Rcut = -0.5 for use in the
second round of predictions for all 33 fighter test cases and the eight

transport test cases. The rest of the crack growth constants and
parameters were kept unchanged. Analytical predictions were again
correlated with test data. The correlation results are summarized in
Table 81 for fighter cases and in Table 82 for transport cases. For the
33 fighter spectrum cases, there were only slight changes in the predicted
lives. The average prediction of the second round is 0.88, with a 0.17
standard deviation. Compared to the blind predictions, only 1 percent
difference in the average prediction ratio is shown. For the eight transport

spectrum cases, the improvement in the life predictions definitely showed
up. The average prediction ratio changed from Np/NT = 0.78, with a 0.43
standard deviation, to Np/NT = 1.05, with a 0.35 standard deviation. When all
41 test cases aie combined, the average CRKGRO prediction ratio is NP,'NT 0.92
with an 0.22 standard deviation, which is well within the needed prediction

accuracy for damage-tolerance analysis. Figure 71 shows the correlation results
t all -41 test cases. A histogram of these 41 correlation cases is shocn in
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'.0 CONCLUSION -%ND RaCOIEND)ATION

-.1 CONCLUSIONS

From results of the experimental verification task and other technical
evaluations performed in this research program, the following conclusions
have been reached:

1. For the performance of analytical predictions of the fatigue crack-
growth behavior and life, it is necessary to account for the spectrum
loading effects in order to obtain more accurate results.

2. Although the tensile overload retardation is the most significant
effect which occurs during flight spectrum loadings, the compressive
load acceleration effect is also significant. The compressive load
acceleration effect and the tensile overload retardation effect tend
to cancel each other in a random cycle-by-cycle spectrum for fighter
spectra.

3. If the spectrum loading is in the random cycle-by-cycle format, it is

essential to process the random spectrum through a cycle counting
algorithm before performance of the crack-growth analysis.

4. The cycle-by-cycle crack-growth analysis methodology implemented in
the detailed level crack-growth analysis computer code, CRKGRO, pro-
vides very good analytical predictions on crack growth lives under
both fighter and transport spectrum loadings. The average predicted-
life-to-the-test-life ratio for the 41 test cases was 0.92 with an

0.22 standard deviation.

S. The new rate equation for the negative stress ratios proposed by
Chang( 58) (i.e., da/dN = C[(l + R2)q Kmax]n, R < 0) correlates the
compressive load acceleration effects very well.

6. The spectrum characterization approach identified as Method I in

this report is an attractive method used to convert the complicated
and lengthy random flight spectrum into the equivalent constant-
amplitude loadings. This method can also be used in the ranking of

spectrum severity in the spectrum variation study.

7. The flight-by-flight crack-growth analysis methodology implemented
into the FLTGRO program for the use of individual aircraft tracking
provides very good predictions on most of the test cases conducted
in this program. This indicates the potential use of this methodo-
logy on fatigue crack life predictions. It is felt that this
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methodology eventually can be used for the detailed level crack-

growth analysis required in the damage-tolc:ance control for the
benefit of cost savings.

8. An efficient computerized scheme implemented into the current STEP

program provides a means for including impact of damage-tolerant
requirements early in the preliminary design stage where configura-
tion concept, construction, and material selection trades are made.
The approach which accounts for load interaction effects ensures
that excessive penalties .re not imposed due to the omission of
overload retardation effects. Conversely, by accounting for accel-
eration effects, unrealistic optimism can be avoided.

.2 RECOMENDATIONS

Based on results of this program, the following items have been
identified as recommended future efforts directed toward validation of the
crack-growth prediction methods developed in this program and extension of

the use of these methods to the "small cracks" for the durability analysis
to meet the requirement of MIL-A-8866B(50).

1. The load interaction model developed in this program which was
subsequently implemented in the crack-growth analysis computer codes,
including CRKGRO, PLTGRO, and APAS IV, has been demonstrated, from
the results of the experimental verification program, to be a ver"
good engineering model. However, it was verified with only one
material; namely, 2219-T851 aluminum. Even though the generalized
Willenborg model has been used extensively for various airframe

materials throughout the aircraft industry, the coupling effect of
the combination of the generalized Willenborg model and the Chang
acceleration scheme is worth investigating for other commonly used
materials. A test progra:i which consists of the following materials
is worth consideration. Indentical fighter and transport baseline
spectra are recommended for use in the test program. A typical
bomber spectrum such as the random flight spectrum of the B-1

strategic bomber is recommended to be added in the test program:

a. Uuminum alov - "73-li or 775-T7051I
b. Titanium ilov - Ti-oA. : rvstalized, annealed

c. Steel alloy iP 9Ni-4(.o-. C
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2. The initial sizes of all CCT test specimens conducted in the
experimental verification test program were in the neighbc.hood
of 0.25 inch. This is because, according to the test plan, all
test specimens were planned to be tested to failure. Therefore,
in order to avoid excessive test time, a through-the-thickness crack
with an initial crack size of 0.25 inch was selected. It is antici-
pated that if the initial flaw inserted into each specimen were a
semicircular surface flaw with a length (2c) equal to 0.25 inch and
a depth (a) equal to a 0.125 inch as specified in MIL-A-83444A(4 9)

was selected, the experimental verification result would be no sur-
prise. However, if the initial crack size were much smaller (say,
2c equal to or less than 0.005 inch), it would have been with less
confidence on the outcome of the experimental verification program
results. This is due to the fact that the LEPI might not be applic-
able to characterize the crack behavior in that small crack size
range. Particularly, it is because the crack-growth rate equation
(the modified Walker equation) used in the CRKGRO program is not
directly suitable to represent the crack-growth behavior in such a
low (l-R)mKmax range. Consequently, it will not provide good ana-
lytical predictions for cracks with such a small initial size. A
similar research effort such as this program is highly recommended
in order to investigate the predictability of the crack-growth
methodology presented in this report.
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Aluminum Alloy at Various Stress Ratios
(refer to Reference 15)
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Model for 2219-T851 Aluminum
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Figure 4. Wide-Range Fatigue Crack-Growth Rate Data of 2219-T851 Aluminum Alloy
Plotted in da/dN Versus (l-RVm Kmax Format for m =0.6

83



2C 0.25 s

2219-TS1 Al *lt
06,. . 20 Aft. Ray 0. 1

Contan pol

V I I 0'f di ti on

(.s .d.-rang. 4./Aft dafta)

ft .5000 'y'l..

Figure 5. Comparison of Crack-Growth Behavior Predictions for Crack With
Small Initial Size (Ci 0.005 inches) Subjected to ajm = 20

ksi, R 0.1, Constant-Amplitude Loading

0.25 i,.I

2219-TOSI Al alloyI
*~T - 20 kSl R ft 0.3I

Consant aooIitudt

* .o-d: p,.dict onI

* - f~ocka.1II q ftion pretdiction.I
I't*..d.= ;.. da/A...dat.)

~0.1

ft0.,0005t.

Figure 6. Comparison of Crack-Growth Behavior Predictions for Crack
With Small Initial Size (C. = 0.005 inches) Subjected
to a, = 20 ksi, R a0.3, Constant-Amplitude Loading

84



PLOTRATE CRACK GROWJTH DATA
aalg-TIAg ALUM (AFMI.-Tt-78-40, P.164)

LEGEND

D

N

E
S

C

Y

C
L

AK(KSZ SON? (IN))

Figure 7. Fatigue Crack-Growth-Rate Data of 2219-T851 Aluminumn Alloy
(da/dN 2t 10-7 inches/cycle) at Various Stress Ratios
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Figure 13. Boeing 2219-T851 Aluminum Baseline Crack-Growth-Rate Data
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Figure 14. Boeing 9Ni-4Co-O.2C Steel Baseline Crack-Growth-Rate
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Figure 57. Fighter A-G Mission Spectrum Variation Crack-Growth Comparison
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Figure 59. Fighter Composite Spectrum Variation Crack-Growth Comparison
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Figure 60. Mission Mix Variation for Short Fighter Spectra
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Figure 61. Fighter Composite Mission-Mix Variation Crack-Growth

*1 Test Data Comparison
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Figure 62. Comparison of Transport Spectrum
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TABLE 2-V. SWIMARY OF ASS vIPTIONS IN EACH ANALYSIS APPROAQ

Analysis type Assumptions

1-d The aspect ratio a/2c is constant

2-D da/dN = dc/dN
type I

2-D da/dN = 2dc/dN
type II-a

2-D da/dN = 2/3 dc/dN
type II-b

TABLE 2-VI. MATERIAL's CRACK GROWTH AND FRACMURE PROPERTIES

AK t t
K K th

KIc Kc o ty

Material CA nA 7A (ksifin.) (ksiin.) (ksiln.) (ksi)

2219-T851 7.697 x 10-10 3.72 0.6 45 76 1.5 51.3

-9
9Ni-4 C0-0.2c 3.466 x 10 2.35 .6 154 200 5.5 180

steel

Ti-6A-4V (PA) 3.762 x 3.31 .5 80 160 5 115
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TABLE 15. INPUT ECH-O OF CYCGIR) PROGRAM FOR DETERMINING C, J(a) 1/

'nP~PLTFP PRCGRAbM 'CYCGRO9

7219-TR'U. CF'4TFREO THRL CRACK
INPUT MATFA1AL CrNPSTANTS ANn CENTRCL PARAMETERS

YIELD STRFSS------IGOAlf '.SCCCC0 (PSI)
KIC FOR A --- AKIC a 13CCO.00 fPSI*SQRT(IKCHI)
Kir FoR r. rKIC a 660C0*00 4PSISSORT(ItNCHI)
POWER a 0.70O0F.IJl
WALKFPIS COEFF C a a.I0CSSE-1q FOR IPSIl
WALKER'S tOnEFF------C a 0.8366?E-09 FOR (KSII
FXP SMALI. N --- N a C.3640CE.OI
nELTA K THREsNoin --- K7l4= O.I5COOE+C4 (PSIOSORT(INCHI)
FXP SMALL 4 a c.600ccE.co
R CUT-OFF -- R-CUT. a C.9CCCF0Cc

*COMPRFSSIVF STPF'.;FS WILL BE LEFT IN THESPECTRUMO
-R CUTOlFF--------- R-CUT- -C.9900
FXP SMAI 1 0 ---- a C.3OCC

TNIT. HALF CRACK SIlF C Ox SPECIFIFC LATER.
14JTTIAl CPACK nFPTH -- AG- C.C (INCH)
ASPFCT RATIn ---- AO/2CCs O.C
PHI SOIJARFO-------------- a 0.0
FOUIVALENT TH[CKNFSeS - T a C.25O0CE+00 IINCH)
HALF UtnTH-------W12 2 C.3COOCE.O1 (INCH$

TYPF z (PART IFROUIGH CRACKal. THRCUGI- CRACK-21
tnCATION- I (CENTEF CRACK =I. FOGE CRACK =71
RETARn I (Nnl RETARCATICN=C. loITH RETARCIATICNaI)

P4P.rnNSTA4T P4OC)IFYING Kl0AX*Kf*TN.KLIl*)* 1.000
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TABLE 24. SAMPLE TRANSPORT DETAILED SIZING DATA

STATION 60.O00

PAKEL DETAIL GEOMETRIC DATA

PANEL END CONST MATERIAL NO* SYMMETRY DS TBAR YBAR TBAR YBAP
NO. NODES TYPE SKIN STIFF GRCUP SKIN SKIN STIF STIF
1 1P 2 5 1 2 1 24.93 .109 .054 .065 .774
2 2, 3 5 1 2 1 24.67 .109 .054 .065 .774
3 3, 4 5 I 2 1 24.65 .109 e054 *365 .774
4 49 5 5 1 2 1 25.02 .109 *054 *065 .774
5 5# 6 21 3 0 3 21.58 *087 .000 0.000 0.000
6 69 7 5 1 2 2 24.65 .109 .055 *031 .720
7 79 8 5 1 2 2 24.66 .109 .055 .031 .720
8 8, 9 5 1 2 2 24.65 .109 .055 .031 *720
9 9,10 ' 5 1 2 2 24.65 *109 .55 e031 9720

10 10, 1 21 3 0 4 23.37 .097 CoO00 0.000 0.000

PANEL Ti T2 T3 T4 el B2 Bz 1+
NO.
1 .109 .149 .081 .152 6.00 1.50 .74 2. r
2 .109 .149 .081 .052 6.00 1.5n .T4 2-
3 .109 .149 -081 *G52 6.:0 1SC .74
4 .109 o149 .081 o052 6.50 1.5- .74
5 .970 *076 0.003 c.onOo 5.52 ,3 ."
6 .109 .076 .ase .04C 71*5*.4 2.
7 .109 .076 .085 .*40 7.51 1.53 .44 2.
8 .109 .076 o085 .40 795j 1.5 +0 e44 2.
9 .1119 076 .085 .040 7*5. 1.50 44 2- .r
1 .o075 .090 0.000 0.000 5.50 .66 C.*; 3-1"

SPAR-CAP DETAIL GEOMETRIC DATA

ELEMENT NODE CONST MATERIAL SYMMETRY ANGLE AREA YBAR
NO. TYPE NUMBER GROUP (DEG)
1 1 2 3 1 0.00 .224 .283
2 5 2 3 1 0.00 .224 .283
3 6 2 3 2 180.00 .180 .277
4 10 2 3 2 180.00 .18c .277

ELEMENT Ti T2 T3 T4 B1 12 F3 n,,
NO*
1 .050 0050 .050 0.000 1.50 1.50 1.50

C2 .50 .050 .053 .0c 195-^ 1.5C lov."
3 .040 .040 .040 0.000 1.50 1.5C 1.3 a -'

9. .040 .040 040 0.000 1.5,0 1.5C 1,5 c
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TABLE 25. SAMPLE TRANSPORT-DESIGN STRESSES
STATION 600.30

ELEMENT APPLIED STRESSES

CONDITION 1 2

ELEMENT
ID(TYPE)

PANEL I ( 5) SX -24413. Q864. 10392o -3531.
SY r* 0. 0. Io
SXY 7358. -5916. -5365. -153!.
SXST -24650. 9961. 10494. -356!E

PANEL 2 ( 5) SX -28322. 12052. 11956. -3847.
SY 0. 30 0. 1.
SXY 2874. -3980. -2346e -2087.
SXST -286C0. 12173. 12074. -388E•

PANEL 3 ( 5) SX -27625. 12226. 11557. -3561.
SY . 0. 0. 1
SXY -1849. -1816o 762. -262e.
SXST -27896. 12346. 11671. -359'.

PANEL 4 ( 5) SX -21197. 98980 8716. -2524.
SY 0. o. 0. !r
SXY -6143. 271. 3521. -307!o
SXST -21405o 9995. 8802. -254%*

PANEL 5 (21) SX 11416. -3605. -5438. 2037.
SY o. D. 30 1.
SXY -12419. 2038. 7203o -4997*

PANEL 6 C5) SX 30455. -12659o -13291. 423!o
SY 0. a. O. c.
SXY -4894. 56. 2503. -280.e
SXST 30754. -12783o -13421. 427.o

PANEL 7 ( 5) SX 30814. -13294. -13342o 4084.
SY 0 go 3.
SXY -796. -1727o -248. -230 .
SXST 31116o -13425. -13472. 4124.

PANEL 8 ( 5) SX 30931. -13824. -13289. 3901:
SY 0. 0. 0. -.
SXY 3410. -3654. -3016 -182 !.
SXST 31234. -13959. -13419. 3942.

PANEL 9 C5) SX 29990. -13892o -12786. 3586o
SY 0. 0. G. c-
SXY 7581o -5661. -5708. -138-1
SXST 3"284%. -14028. -12911. 3621.

PANEL 1G (21) SX 6557. -4486. -2727. 17 -.
SY 0. 0. 0.
SXY 15784. -10687. -11288. -1564.

SPAR-CAP 1 ( 2) SX -31985, 12345. 13694. -4867.

SPAR-CAP 2 ( 2) SX -24091, 11901. 9690. -2608.

SPAR-CAP 3 ( 2) SX 46546. -19120. -20576. 6684.

SPAR-CAP 4 ( 2) SX 45121. -21327. -19158o 522",
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TABLE 26. FLAWV GROWTfHl ANALYSIS RESULTS USING PROGRO -TRANSPORT SPFCRIJ

STATION 600.00

Pf'.;L SY;. TT-Y 'tv1Vi* FAYImulm CRITICAL SAFE 4F I fHT
L P . '"' ?FC T ULil S~CTF:!J1 I I T I L LIFE Pr..ALTY

s'r Is F PE S 'LAW eIZF* (FLITS) (PtQCENjT
fK T J ZTI F F 2AP.1)

* ~ 1. 7~k. ~77* 5 0.*

5 77 k "71 !2 *2,4 *474.6

t2
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TABLE 27. FLAW GROWTH- ANALYSIS RESULTS USING PRDGRO
WITHOUT RETARDATION - TRANSPORT SPECTRUJM

I N!S .r -CT I "'. tIT R' ~L e.*.....o J o F:LI C-HTS

r;% j ''CrTU' S!"*-C T 1i' I 'I TI AL LIFE PiENALTv
S r :, 'rrss C 4 SIZF (FLI'n'Tv) (IVERCr NT)

0' Si ) (P

1: 1, o 8 0. L9 br .4 o
2 177q;;* 765-3 7. 27.17 .14-rr, i

1' 7?6.o 56; 7.-';5 oic
4 1573!e 7e-' e e .47&F F 0J,

2 *I~~. 12!7 3.17 3?E. 7*74
22! 1 ,23;o 2."34 02:2E*. 7o74

9 1 7. 17219 .4, *2 74E 7.7'

TABLE 28. FLAW GROWTHI ANALYSIS RESULTS USING PRDGRO
WITH RETARDATION - TRANSPORT SPECTRUM

I'iITIAL -rC C.77?9 2A8oe 2. 0 1 I S

PA'.[L SYCETKY 0"I~i* ~XI1M& U CfITICAL '3 AF r ',
a 7, i'jr .1 SP- TRJ S P C T;,UM Iv'ITIAL LIFE REIALTY

7_~~ 13 c -S &LAW 'I7E (FLTll7HTS) (PEpr hT

1 1! 57~A ~ 9 491 15 F.
7713a 8~2 27o?S7 o . 4 e^

- I75. -P6;2 . 2 7 *P 6 o .(27*
! 71 ;-. .7 o 122o41M .Q o4 t

3 '10.

2411 1214 iZ7 2a 4 *2-F* 4.19
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TABLE 29. FLAW GROWTH ANALYSIS RESULTS USING PREGRO

WITHOUT RETARDATION - TRANSPORT SPECTR[M

.''IT 'L "R 'IK lJ5. "2 ,, .," j.* FL "TS.

PA :-L ZYW,'TKY 't I,J '  -'I! IML" CR1 P I' C.L '-AF r  "EI' ' T
. -CTRUV S,-ECTr;LM I'lITIAL LIFE PENJALTY

•r 7rss 'T;..S CL46 SIZr (CLIf'T5) PERCENT)
, w I ,1 T I AF ( A I. }

.:,772 lo 7e zA . . Z , 177F++ "

7' 76 L 7. 77 ..- 6-

" 57 -.* r.7 95 34h b +.
3 -

23 2.177 2'r+
7 2 21"5- 12^44 *,  2.22 .2 E.' P.61

TABLE 30. FLAW GROWTH ANALYSIS RESULTS USING PREGRO

WITH RETARDATION - TPANSPORT SPECTRIM

ij ITI-L -191 "'. 2 .... . INCHES
I;;FCTI^.; I'T ....... 2''Il. FLIChTS

FA-.'L SYK-T~v tl 4'.IM L.I CRITICAL SAFc wEIGHT
r k Up S,-CTrUM S 'rCTU'. IAiITIAL LIFE PENALTY

"TkE.S FLIW SIZE (FLIGHTS) (PERCENT)
(rs: PCI)

1 7b;t7'. 4a .7.29 .'1e.

F 75 .7* 1 3!. .h_'E 7" 1 -

-. .0-.. ,
1 7 0 FJ *.

- " ,s+ . i2 2 .2, .. * .- ,r.. ,="
7 2 * :292% 2.: o2 E:

1 27* . 313. .i  233 .!1
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TABLE 31. SAMPLE FIGHTER-DETAIL-SIZING DATA

STATION 21.64

PANEL DETAIL GEOMETRIC DATA

PANEL END CONST MATERIAL M'OO SYMMETRY DS TBAR YBAR TBAR V AR
NO. NODES TYPE SKIN STIFF GROUP SKIN SKIN STIF STjF
1 1e 2 1 1 0 1 22.63 .254 s195 009 0 6 0
2 2, 3 1 1 0 1 22.63 *254 e195 04010 0:.00
3 3, 4 1 1 a 1 22.65 .254 .195 1.000 0.000
4 4, 5 1 1 0 1 22o66 o254 .195 0.000 0.000
5 5. 6 21 1 0 2.76 .273 (.000 0.000 OoO00
6 6o 7 1 1 c 2 22.65 *212 .153 0.000 0.000
7 7, 8 1 1 0 2 22.64 o212 o153 90CO DoOCO
8 8, 9 1 1 0 2 22.63 9212 *153 09003 0.000
9 9.10 1 1 0 2 22.63 .212 .153 0.000 0.000

10 10, 1 21 1 0 4 6.36 .200 C.000 0.000 Oo00

PANEL TI T2 T! T4 81 B2 83 r4
NO
1 .229 ,145 o. 00 0.000 8.00 1.39 3.3 .Oc
2 *229 .145 0.000 0000 8.02 1.39 0.03 .0.
3 .229 .145 06000 00000 8.30 1.39 Oor qel0
4 229 .145 0.000 oo00 800 1.39 Co 3.1"
5 o198 .186 0.000 OoiO0 5o0(1 1o0o 0 .2 fu.31
6 .192 .164 0.000 0.00 8o00 1.00C c.: ....-
7 o192 .164 0.000 00000 b.0 1.g) r1,3 J11 .
8 192 .164 00000 C.go0 8.00 1.00 OoGO -. ii
9 o192 o164 0.000 '1.O00 8.30 lo0 f1.)0..i
10 .135 '6163 3.000 0.000 545G L.C3 a , a

SPAR-CAP DETAIL GEOMETRIC DATA

ELEMENT NODE CONST MATERIAL SYMMETRY ANGLE AREA YBAR
NO. TYPE NUM8F'R GROUP (DEG)
1 1 2 1 1 0.00 .495 o169
2 5 2 1 1 0.00 ,405 .169
3 6 2 1 2 180.00 .370 o146
4 101 2 1 2 180.00 e370 .146

ELEMENT TI T2 T3 T4 B1 B2 B3
NO.

o172 .176 .057 0oo0 130 1.00 Is.3 1.ir
2 *172 .176 .057 DO00 1.0 1.00 1o. L, "r
3 o176 .153 .040 0.000 1o00 1010 lo,
4 o176 .153 .040 0.000. 1.00 1,00 1-O0 J.r
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TABLE 32. SAMPLE FIGHTER-DESIGN STRESSES

STATION 21.64

ELEMENT APPLZED STRESSES

CONDITION 2 3 4

ELEMENT
ID(TYPE)

PANEL I ( 13 SX -22386. 11503. -11387. -519!.
SY . O. 0. 0.
SXY 8760. -4532o -5684. 542l.

PANEL 2 ( 1) SX -23615. 12154. -12031o -548s.
SY 0. So 30 a*
SXY -18r 7. 225- -7894. 416C,

PANEL 3 ( 1) SX -199C2. 10226. -10123. -461S.
SY o. 0. g. 0SXY -11906. 4702. -9974. 296".

PANEL 4 ( 1) SX "12496. 6421. -6356. -290t.
SY 0. 0. 0. C.
SXY -19133. 7931. -11474. 210t.

PANEL 5 (21) SX 2338. -L047. 1037. 473o
SY 0. 0. 0o o.
SXY -24639. 10297. -13769. 2124.

PANEL 6 1 1) SX 15515. -7972. 7892. 3601.
SY 0. 0. 0. a.
SXY -22197. 9181. -13567. 259Z.

PANEL 7 (ill SX 21801. -11202. 11089. 505c.
SY '3. 0. 0. c.
SXY -13791. 5425. -11822. 359'

PANEL 8 ( 1) Sx 26390. -13560. 13423. 6124.
SY 0. Do 0. l.
SXY -2661'. 451. -9512.o 49190

PANEL 9 ( 1) SX 27252. -14003. 13861. 6324.
SY O. 0. 0. c.
SXY 9880. -5152a -6909. 6412.

PANEL 10 (21) SX 3048. -1566. 1550. 701.
SY I' a. 0o Is,
SXY 2410.4. -11818. -7730. 10311.

SPAR-CAP 1 ( 2) SX -19175. 9853. -9753. -4450e

SPAR-CAP 2 ( 2) SX -6898. 3545% -3509. -1601.

SF'AR-CAP 3 ( 2) SX 11148. -5728. 5670. 258h.

SPAR-CAP 4 ( 2) SX 25444 -13074. 12942. 5905.
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TABLE 33. FLAW GROWTH- ANALYSIS RESULTS
USING PROGRO - FIGHTER SPECIRUM

I NSPT I I JTERVIL o... 4"C. FLIGHTS

Pt.'JEL SYIA'iE TRY ! AV I'M ~4I N1 U CRITICkL StIFE AV1FCH~T
G-RjUP S~r-T.U4 SFE;CTM4 I NI TI IL LIFFr PFlNALTY

S r r 's r T FrSlS FLIW *:1ZE (FLIG'1TS) (PERCENJT)

csi) (P-ST)

1 3 'q* 1349 (47,3

3 1 ? ' 9236 147o 7;-6 .41 'F

6 214 P~ o~? i31 0 4
7 >j 94. 2' 2.b79 *1 3-.

.2 0019 1) 0 2 *

1S8



TABLE 34. FLAW GP4Wli ANALYSIS RESULTS USING PRDGRO
WITHOUT RETARDATION - FIGHTER SPECTRUM

I ~ r TI j T JT- LL ,,o ,o , o FLIr.k.T,

pl.r.L SY4aF[T.Y At , ' ' I A IUA C I TI CAL saerf , I GHT
I'l's, L Up- .F c: Z r "], - UTY! I'-ITIAL L IFrC PrNA LTY

S7r"_SS -T, ETS FL.W SIZE (FLI'HTS) (PERCF JT)
(' I' ( 'T r •A*i )

1 !',1. '- . 47.s7. *2'4.' •

3 7 7" 71.
4 4

I * • .•..
2 1: 3S " 3

1~ .. 44'1F4~ 1 ;37
0-~) 1JC7 e4j EC 4 141.37

TABLE 35. FLAW GROWTH ANALYSIS RESULTS USING PRDGRO
WITH RETARDATION - FIGHTER SPECTRUM

'~~~~~~ I -{ L ., .... • L '3

L " ' C- iTIC'Pt ": r E T

,T r T I \L fLTY
• - Ir . L , '1? r  ( LT, ") (PER 'c.cJT)

* * '.2 5 • 7 . o "..

.; - - C-o . -

a r, - .r"L : :', '

::: : • .7--

I t c•
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TABLE 36. FLAW GROWTH ANALYSIS RESULTS USING PREGRD

WITHOUT RETARDATION - FIGHTER SPECTRUM

I k 'rcL 'kAT .iIq . o... 1 -o INCHFS
I.. - C1 I *Oeo.e 42 ?9 FLL'HTS

T S...C , " l,  VI TI L LIFF PENALTY
STR- "TES rLT c. 'TRE (FLIGHTS) (PERCENT)

<I', €'TIFF. (2A,IP}.)
( SI) (rCT)

5 453 '3,0 * -7.--3 .24 !W*.
- 1 3t. i4*. 4_ 743 *2!5 ' KF,
- " 9 1197 77* 47.772 .413'_  -.

" .. t4 1-• i . • 7 •0 6 3 o2 . 7 , 9

71: 4-1 1-54-! 2 *cj-!q 0 , r-
, -3 .. - i(09?

TABLE 37. FLAW GROWTH ANALYSIS RESULTS USING PREGRO
WITH RETARDATION - FIGHTER SPECTRUM

I 'T T AL C PA _,IZ , 2A, .. . . '  INCrs
AI - ,!-FCT I,-. T.!TF i-, e oo. 4.. .. f).I rLI-HTS

P:'.-I 'Y..-'T' + I'4 : " < I'%I C;-,I TIC tL SAFE W I G HT

- C . %T T'J" S,%(-T U1 I2'I TI L LIF PPEN LTY
,c ';z T 7S PL w SI2 Z LI7HT') (PERCENT)

V I J ,TIFF• (2 A91 ..

('SI) (%fI)

34" 7. V 7. 7-I , ", + : oS47*

1 4 7 Z477. 47.7!S .31ZF,.4
*~~ 77 * ,.

4 73'. 41 7. ...;27 .7 2E*1 6!_ 72 1' I. *6 9 .1 + O
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TABLE 38. PRELIMINARY FRACT1JRE MECHANICS MATERIAL PROPERTY LIBRARY DATA

Material Aluminum Titanium Steel

Properties (2219-T851) (6A1-4V RA) (Inco 718)

C - growth-rate equation 1.0059E-20 1.107E-23 1.99E-24
coefficient (psi units)

m - growth-rate equation 0.6 0.5 0.32
(l-R) exponent

n - growth-rate equation 3.64 4.07 4.01

exponent

q - acceleration model exponent 0.3 0.3 0.3

k - plane stress fracture 92,000 140,000 170,000
toughness, psi Afin.

kIc - plane strain fracture 45,000 70,000 85,000

toughness, psi Aln.

iKtho - threshold value of Ak 2,500 4,500 5,500

at R = 0, psi lin.

Shutoff ratio 3.0 3.0 3.5

RCUT - positive stress 0.75 0.65 0.75

ratio cutoff
RCUTN - negative stress -0.99 -0.20 -0.30

ratio cutoff
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TABLE 39. TYPICAL LIGHTWEIGHT FIGHTER AIR-TO-AIR CU1BAT MISSION

Gross Weight Altitude Mach Distance Time
Segment (1b) (1,000 ft) No. (n mi) (min)

1. Taxi 12,855 SL -

2. Climb 12,855 - 12,480 0 - 46 0.72 - 0.85 42.6 5.364

3. Cruise 12,480 - 12,175 46 0.85 112.3 13.820

4. Combat 12,175 - 12,005 30 0.90 - 0.620

5. Accelerate 12,005 - 11,740 30 0.9 - 1.4 8.15 0.707

b. Combat 11,740 - 10,260 30 1.4 - 1.125

Cruise 10,260 - 9,920 50 0.85 154.9 19.290

8. Loiter 9,920 - 9,625 10 0.33 - 15.0

9. Landing 9,625 SL -

TABLE 40. CUMULATIVE OCCURRENCES PER 1,000 FLIGHT HOURS
OF SUPERSONIC AIR-TO-AIR COMBAT

Load Factor N7 Cumulative Occurrences

10.0 0

9.0 0

8.0 1b

7.0 90

6.0 500

5.0 2,900

4.0 17,000

3.0 90,000

I 2.0 250,000

1.5 320,000

0.0 16,000

-1.0 45

-2.0 0.1

-3.0 0

-4.0 0
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TABLE 42. APAS-GENERATED AIR-TO-AIR FIGHTER SPECTRLM
EXCLUDING FRACTIONAL CYCLES, 1-FLIGHT BLOCK

ZT-P L. 4FS -*,zS~ g - '' YCL. ".
S T. :0- TS T '_ 1-'2-T C Y C -

1 ).J T---z3f"- .C7 ____

T -SJG -, 74.511 79.G Ji
4 -'277.75 1 .5 0.0

7 0 • J -q. .74. 6 9
; ',u4 ,.'3. , 3:123, ;16 " in

"4 6 , 1 "T _ _ _ _ 1 __A 2 3

___ I D5?, O i 3a7' i23, !16 ___ •fl __. __

1 092 063 23 .316 10309

s J 47 3u23. 16 1 :
17 , 4 * u ' je .J 4 o3
-" 969.° aT3, h 7 ,5V 3-0

1 ',04., 051 3u03, 316 f.0
70)0,: 7 7,23 .316 iSU
21 'A_ -92.63 - .7.49 b9
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TABLE 43. APAS-GENERATED AIR-TO-AIR FIGHTER SPECTRUM
EXCLUDING FRACTIONAL CYCLES, 50-FLIGHT BLOCK

STE P  STiLSS-ijiAx CT-YS- U, CyLFS
2 T .? J-3. J73,

7 4 - 7 - 11- 1. - - ,

... 00? . . .o- . 2 0 157.000
7 0. ' 1'7-ti6? 42.0 '080.00' -?J 7.1 &f1 .3,

o_____ _46. 031 C 3 • n 3 3

II 046 23!3;2!. D16 1 P:095

12 -.06v.047 % 023.P16 4-.0J00
13 120 • _ _ 12, D0 _

0 . . . . . .3 - . -- - o . .2 - J
r-5 4 02 31 ;23.O0 22r 0 l. ^

17 9 0 6 J4 03 I L23 • "t; ___ 6 . 1 "(UT-r c1''20-9T.O 6 -T 32f -ll ... 34.uu 6
-
6 u"--

i 9 1 115.0 7, Z' J23. 161 . "n
1 1Z3.6 3.3"2121 61. 1'';r2 .011% le.O,

'2 4 :: # , -131 " ... -"(;:33."I -- 7" qc

"4 12092,067A U'23,, i6 0 .0Cc
S2 -- 0 1 - -0

7 L;0 , 3.62 -"0 Ii.-,

1- 131t.7 4 U .16

ul 1 49. .0 1 '2 3 16 17 0 C
0 6,3 . 3 , 6 t -3312 0 12 o 6 L, $t 3. 196 __I . 30__

7, 7 -- !T '7 ., 1 6 1 0 '3
-z5 9C 6-. 0, 7 23 . C16 63.' 1 1

12 0 . 7 23 - I
.. .- 8. .. .7 C 23 2 i --- 1 "720 . 714 -- Icl '

902 o3 1 4 i 413 4 OCO

"[' ~ 322 ,, 3 "?1 6 ,, .41 i0 3 3, r..:a . 9tI r "l

414 ?' . v ul 9,;. ' "5 1
- 5 I1 l,3',,fla -% -7 1-~ ] ' 0

7 J, .07 -D. L.'']
4, 151 7' - i7 , .

1 T t'< 0. 7. j,717- 1 .1

109?. a065 - 7 .4 6 01
C

2  
9 2 ' 0f;7sj,4
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TABLE 44. APAS-GENERATED AIR-TO-AIR FIGHTER SPECTRUM

EXCLUDING FRACTIONAL CYCLES, 100 FLIGHT BLOCK

..... rR, 5KAF-E7'z;AE 'PE0" ,L '

STEP STI.USS-Ax STi-SS- 'I YCL7,

iJ7- 4.I c 7- D 0 C

'4 0.30 -72/7./tl P)OO.o00
-) -,-" . .0 a 120.330

73 .0.0 -'+ 1 ,.7 .4" 4.013'!
E 41 . 37 3: j 4,_-. ._ _ 5 j._ _ ., _

I 'i 'u'6-,0 T3 . 616 6.000
ii 3 4 .:.31 '323.316 Go
12 J 6'b .0'U7 323. 316 a 5

_____ I3 332.36"____ L23.'313 _ 23.G00
I ' 31-. , 1 0

3 4b.031 A023.b16 170,330
17 fl",1o047 A323. 16 13 ." 0

t 1 3.'65

-~4C- -1 -- -.31 0ii c.u
3Z37 '2 3 . 1 6  .

7 4~' .13,  2 3 "1

2'J 4 1 9 1~ ci

?0+ .l4 1 ' 16 3'+ 0

.. .12 . ... . 114 .3 .... "*.3 . 0 i6 2.. .13 .OS

0~~ .u1'T 7071 3 00

41 .-n6 A•'"  ?u23.:]13 5-1

4' . .4 6, 3 . 16 .I r s

^511 -, u L,; . 0 '0 3•: i; 6 37 . 7, ta,'~5 7Jf~ i 6.- r -+. +-, u

"4 21- .31 2 .- 16 E . c c
i- 124 . -23.

"5~ "51.7 23 j. 16

.,.~ ~ 1 3 J 6I, €

=7 -v4-- .i~a. C 6 . - 512 G

2 00

1 7

" -;. 1-- 11) * , .. ."L;T ,j . . . . " , " C -

51 11 771 14 C. '

r ] ".. 
, 3 j 7*45.al 1 ."
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TABLE 46. FIAW-GROWrH-ANALYSIS RESULTS USING PROGRO

LIBRARY FIGHITER SPECTRUM, 1-FLIGHT BLOCK

'L. L 0ITH A;.qALYSIS RFSIULTS

INITI AL rR~AC( SI'F9 2A mo... I -2-ff 7 hrrc

P:<'-EL !SYMlVETRY -A'Ij*UJ4 'AIX I'A U' CtITICAL SAFr EICHT~~,O.~il IRU \1~T&~ S IPV ~ I TI AL LItE \LT
STR r35 A. (F' CLITrIlTS) F ER rrj;)

1 i 75 -75cl 2.47 .10 E +I

1 5-,510 91.05 ?5 0 0
4 1 3Th. Z37Tb1. 17.040 o 2'7'- 0 .n
5 3 1. . go.90 0 r00

7 2 80ig. 8e;90 2s717 a'32F +Or Ic
3 2 107,51o* 10730a 1.167 .lb5rErTh 10.93

9 2 1024o 11024. 1.090 * 1 %e,3
1: 4 U. U i. Uit; u . u u

TABLE 47. FLAW-GROWTH--ANALYSIS RESULTS USING PREGRO WITHOUT LOAD INTERACTION
- EFFECTS -LIBRARY FIGHTER SPECThRM, ONE FLIGHT BLOCK _ -

cLA, G ;(u TH A ,ALYST' RFSLTLS

r -LA . SZE (FL'r4.T2) ~Er 'C0T)
< T T.

. ( ; 1 . 9 d " I -. -

Z I r.
-,~~~ 2 3.b. 4~(

I~ U 121 o 1072,1. 1 .171 .16 F + 0 11.306
21 1. 1151?2 1. 05 17+ 9 11.26
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TABLE 48. FLAW-GROWTH-ANALYSIS RESULTS USING PREGRO WITH RETARDATIONAND ACCELERATION EFFECTS - LIBRARY FIGHTER SPECTRUM, 1 FLIGHT BLOCK

,;4 J ' Th A'iALY:IS RFSULTS

INS CTI, 1 IAT RVAL *so:::- 15 ;20 fL I ,r

ru6 S , sr FrTQ"'m P'ITIAL LIFE VCE'LTY
7.T.,ES ", s ,' IZF (-Lr Rs ' IT)

-... ... . .... . "K ; .. .TIFr. (2-.A, 'r.) ..
T,-S 16) -' P 'I )

i 1 b71 1 . 1770. 2,4nl .Y 3 E3.U5 .oP

3 1 5c37. 5=37. 3.9. .4'3;7'5 co
1 1 37809 7 16.t-72 .2-3F 0( +0
3 . o 9_ ."C . r.no)

-340 ;0 c:7-. I _6 %~
7 l 93.2. 1.7 4 352 7 .' E .. 5 . .94

S' 13 10335" l. -05 ir,.94
" 135J153. 1.3Jn3 .n: 'F 1 1

TABLE .49. FLAW-GROWTH-ANALYSIS RESULTS USING PREGRO WITH RETARDATION

EFFECTS - LIBRARY FIGHTER SPECTRUM, 1 FLIGHT BLOCK

rLA'4 GRO',ITH ANALYSIS RESULTS

INTI.L TRAC< SIIC, 2A .- ° !.00 INChES
i,' CTI"'I IJT-RJAL o°.°... 15000. FLIGHTS

VAY'EL SYMIETRY "AiJ' M.AIMU" CRITICAL l.AFE: EIGHT
C,,u Up SifFC Ti'lM SO'-CTO UA I I II AL LIFE PENALTY

SC SR 'TRESS FLA'.1 5'L (FLIrTS) (ERrNT)f~~i I ST FF, (' 2 4- -1:

*t'"S I } (PSI)

1 1 ,75t. k,75 3 2.F!1 .•4 * 5f t" i-, 1 8503 2 _ 6 *?" I I 3e +0,t

3 1 5 5-- 5959. 43 .0 .9,51F+05 .00
1 3775. 2'77G. 1,2.327 .2c0£+*6 ,03

5 3 i. C 9.000 poo0
7 2 9r3 ° 3 2077 .04F-h36

32 . 10946. 2.177 . E'P5.36
9 2 4 2:;1 o 11260,. 19o7 .16'0E-35 6936

0. . 1.UJ3 ). r.O3
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TABLE 50. FLAW-GROWTH ANALYSIS RESULTS USING PROGRo-
LIBRARY FIGHTER SPECTRUMl, 50 FLIGHT BLOCKS

CLA. 3r3.,TH A.A~vSIS RESGULTS

£ ~TTTV~W~ZX -F-9 2A see*--l: v-E

FP'FL ^Ys'1"ETRV !'A),7J%4~ IU CRITICAL F7 ,E I
':O. V; 0 P S~TUiS ,CTPu:1 I';ITI AL LI F! PFtALTY

ST.E S" CT~rc- FLA', SIZE (FLT>-IT') F~R C E'T)
- 'KrIFF. (2A91:.

(251) (PSI)

1 ~ 72wL1 542o 2 2e4 79' 2~F +% O

1t4 C £74. 3:999 .47+r
4 1 4224. 4.224a 16*.671 *24' F+Ob . 0 1

j 3 0. _ .0u3 0. t.09
0 9o-~ J:~- ~ ,4'5 . 1 V, Dc 24. 11?

7 2 1 4L 4 14i.6 G1 0 41
8 2 17C71a 1707Co 1.125 .L Th 24.19

____1___74C_____________ 174.27e 1.0 1_______2_ -J

S4 0.* 0 *00.

TABLE 51. FLAW-GROWTHi-ANALYSIS RESULTS USING PREGRO WITHOUT LOAD INTERACTION
EFFECTS - LIBRARY FIGHTER SPECTRUM, 50 FLIGHT BLOCKS

5R, T , t .LL L " ULTS

~L Y i TT 7 y AT 1 1 TC L
'>.OJ~ Lt-~~ ~T-. Tj iT rL r FL 7

7T L,,L F I E IFLI'-*~

11 7:-4:) 7-4~.

c 7 =77 ~ 4 ' c

2. 4l t . 1. 7- 77

___ ___ ___ __ 14 +
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TABLE 52. FLAW-GRO)IT-ANALYSIS RESULTS USING PREGRO WtITH RETARDATION AN])
ACCELERATION EFFECTS - LIBRARY FIGTER SPECTRII, 50 FLIGHT BLOCKS

rL... QJ'.TH Al ;ALYGI RESULTS

I- CiA 17 r-o- 17.! r7Ei2A-S

r S.E V-lfTeV %'A/I 'u' %' CXI~t9 CTT CAL SAF--j ,
~hP S FECTR )-I SrIC.TRLOi I'-ITI AL L I F i PENALTY

ST-S s 2TkESS FLA.') S I Za(EFLI ;HT S) CP-fRCE T-)

f:SI) (PSI)

I75n4* 75r) 4 2 .4, 3 i~~ .C0)

669 3.i49 *4 '2,-0 .000
1 4 1 -)" 41'57. 16.702 .3c.E.0
3 -W rl. __ _ "0 _ _ of

11 lii 11171. 9 5' * T- P.71
7 2 15l 7 * 15767e 29622 e*34 2E + 5 P.77

2 ~ -!?;3 lYl5 157 016-7+05 c7
2 195314. 1063H. 1.010 .159J--*5 I
13~ 0 U. U. U.0 0

TABLE 53. FLAW-GROWIH-ANALYSIS RESULTS USING PREGRO WITH RETARDATION
EFFECTS - LIBRARY FIGHTER SPECTRUM, 50 FLIGT BLOCK

LA.,e 5P'.T AANALYS3TI RESULTS

Pl'EL CYNIYETRV " vTAJ~~'7 1 -1Y !4.14 C ' Ty A L rAF -_'TH

9 R t;UP S f IC T 4J S :'CTRUHl 1: UIjA Lt 1 FFLTV
-~~ -- ~ 'TRN r7 ? SS --L' Z1 .(FLI:A-T' ) - ( ~E.

S -TIFF.T

? 494. 749A. -.ml7 . 7 147r-+r% 1. n
F7 T -7 ,'. 2 .. " 74s, .- ; - 3 t*0 5 _0

1I2 4L 0 73 *I"49r*f9 boll
41 4 1' ?. 41 -2. 1 37 2'-, 7e~ .3.)

7 G6lt r, ~ 1 2 bs'3 .5'+9~5697
1.44'74. 1-'74 L.16-3
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TABLE S4. FLAW-GROWfl--ANALYSIS RESULTS USING PREGRO-
LIBRARY FIGHTER SPECTR~ivi, 100 FLIGHT BLOCKS

..srl-2TIr' 1PIrLRVAL ........ l 0OO rL:T

VE L F vTk' ",T, J" .AJ' CiITIC.AL S AF;- 4I r;-T
* -CTrJ~. SJ-CTUr I .AL LIFt 7 -r.ALTY

171'41. 7r-41 2.4~77 2 ,1

1 -7c; 1 4 4 7F .r-
4 1 4 2* 1 m. 6 b1 0 ?4z F 4C 6000

lql~l n n. c

17471. 174 _ 7_ i6
1: 4 nf. fl2O 0

TABLE 55. FLAW-GROLWM-ANALYSIS RESULTS USING PREGRO WITHOUT LWAD INTRACTION
EFFECTS -LIBRARY FIGHTE SPECTRUM, 100 FLIGHT BLOCKS

;ikJ J TiA'.mALYIS R.F31-LTS

rf1T~h..1 .'-,IT 2A . .9 C P: r L F.1
I~~~ ~~ I oT 1'T ~ ... 1 0..ICA

r-L ,Y J'-'~ p. .. :X lU C-ITTCA'L C PF

*;-r~ i; ''.TJ -rTzzfl 4 . T L L F -- LTY
.S ~ ' (T; L -2IE FLI. T-) (;' ~C;'j)

____7 41. 7' 41* 2.747 0

3l0
.1 z 1, 1423 f7 V ' + 'I -

4~~~ 7~. ~ C

2 ~ '~2 1 1 7 1 2 .
4 V
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TABLE 56. FLAW-GROWTH-ANALYSIS RESULTS USING PREGRO WITH RETARDATION AND
ACCELERATION EFFECTS - LIBRARY FIGHTER SPECTRUM, 100 FLIGHT BLOCKS

CLkAA ;, .TH A ALYSIS AFSLILTS

.. . . . ..... .

I,:Ps2CTi- Ml TVAL ..'..T 15u00. :LI,:T-

F E'.EL SY.'ZT RV %.AyI;,u"o " i t-U. CR TICAL SAFF JFIr Ti. . " ,!P Slu 'CT,'Jl i  ,ECTctk I" ITI IL LT FF L-~ t Y
S Tmt5- _. T' E I'S FLA..' !IZE (FLl!;kiTS) (,ERCr'!T)

( 51) cPSI)

*~2 J P__2' njI..T- 3". .... 2 .? or.

1 66P1. (613v 3.,567 .44F+05 .03
4 1 4231. 4200. 1 0. 4 , .2-2 +36 .01
Z 3 1. .. 1.)O0 .0 . 0.00

7_9 '553 , a5 , .  ., ;. ._'- c G In 07g
7 2 0-~' 11753 * 0 246 ,. .:1 *4i-p 5 1%*71

2 I -1. 1 ..h 11, 1115e, .i,7E+05 1C.7G
2 l 1 . 3 - 1%23. l3o _1.

TABLE 57. FLAW-GROtH-ANALYSIS RESULTS USING PREGRO WITH RETARDATION
EFFECTS - LIBRARY FIGITER SPECTRUM, 100 FLIGHT BLOCKS

FLA A TH A.;ALY TL P S LLTS

r'J. .L SYr,:rRY "4VI.J'A 'ayj(U CRITICAL SAF -  .UHT
, r, ij, "'-CCT' S-= E Th I "'I TT AL L Fr :_LffALTY

-,m L S S "T E FL' S FLA , 17E FL1 -iT'S) ( E R C-'rNT
,r:ri F (2A,I 'a)( SI) t'l

1I 740-7s in~'~2 *~7j'

7 1;77,. -78 7 7. " .3'. ..3
*I L; 7 ? ('627 . , 67 . 4 r- + 0 .02

- - 137"o 1 "', 1.214 . ' * ' 1.

2 1 .421 t:G 6 16 7v J5 t,
_ _ _ _ 2 9 . .'031 . 1.J' 1? l rt __? .. _
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TABLE 58. FIGHTER SPECTRUM VARIATION TEST PROGRAM

Test No. Spectrumn Type Variations

F-B-V'-A-i A-A Compressive loads set to zero

[-B-k'-A-2 A-G Compressive loads set to zero

F-B-l'-A-3 I-IN Compressive loads set to zero

F-B-V'-A-4 Composite Compressive loads set to zero

F-B-V'-B-3 I-N Decreasing DLS to 25 ksi

L-'B-V'-B-4 Composite Decreasing DLS to 25 ksi

F-B-V'-C-I A-A Increasing DLS to 35 ksi

F-B-V'-C-2 A-C Increasing DLS to 35 ksi

F-B-kV-C-3 1-N Increasing DLS to 35 ksi

F-B-V*-C-4 Cox-iposite Increasing DLS to 35 ksi

F-BV--l A-A Clipping high loads at 85%

F-B-%'-1)-4 Composite Clipping high loads at 85'%

[:\B-k-f 1 A-A Clipping high loads at 95'%

F-B-V-E-4 Composite Clipping high loads at 9S%

F-B3-V-F-4 Composite Truncating 35%) low loads

F-B-%V-G-4 Composite Truncating 45% low loads

F-B-V-H-4 Composite Truncating S50 low loads

F-B-V-1-4 Composite Mission sequence variation I

F-B-V-J-4 Composite Mission seqluence variation 11

F-B-V-K-4 Composite Comp load increased "5'0

F-B-V-L-4 Composite Comp load increased 50%
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TABLE 59. FIGHTER SPECTRUM MISSION-MIX TEST PROGRAM

Test No. Spectrum type Mission-Mix Variations
M-I a  I I
M-301 Mission mix (A-A) :(A-G) :(I-N) = 20:21:17b

(short missions)

M-302 Mission mix (A-A)I:(A-G)I:(I-N)I = 20:20:18

(short missions)
M-303 Mission mix (A-A) :(AG)I I

:(-):(I-N) = 18:19:29

(short missions)

M-304 Mission mix (A-A)I:(A-G) :(I-N) = 20:21:18
(short missions)

M-305 Mission mix (A-A)I :(A-G) :(I-N) = 20:20:18
(short missions)

M-306 Mission mix (A-A) I Ic (A-G)II I (IN) 111 70:68.68

M-307 Mission mix (A-A) III:(A-G) :(I-N) : 92:24:91
M-308 Mission mix (A-A)I:(A-G)I:(I-N) 24:90:92

a I
(A-A) represents the (A-A) mission generated in phase I in reference 2.

bNumerical values are based on number of flights in the mixed mission.

C(A-A)III represents the (A-A) mission generated in phase I1.
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NA- 78-491-8

TABLE 60. DIVIDED UNITBLOCK FOR (A-A)', (A-C) IAND (I-N) IMISSIONS

1AA~ =l(A-A I1  (A-G)' = I1I(A- G)' (I-N)1I = 3(1-N)I
1A) -111 1 1-11 1 1-3

(-)I=1(A-A)1  (A-C)1 =11(A-G)' (I-N)-f = 3(I-N)i
(-) 2 12-25 2 12-24 2 4-6

(-)I= 26-34) (A-G)' = 1O(A-G)I (I-N) 14(1-N)I
(AA3  26-3A 4 3 25-34 3 7-20

(A-A) I = 9(A-A) I (A-G)1 = 9(A-G)' (I-N)' 15(I-N)l
4 3S-43 4 36-43 4 21-35

(A-A)5I = 4- 52 (A-G~j = 9(-) 5IN~ =5(1-N)365
S 44-525 ' 44-52 365

TABLE 61. GROUP Ill-a MISSIONJ MIX VARIATION FOR FIGHTER SPECTRA

Test No. Mission-mix variations

M-301(A-A I +(-i+ I-N)l (A-A), (A-G)l (I-N)'
M-01(AA 1  1 (A3 3 3

M-302 (A-A)1 + (A-C)G (I-N)1 + (AA~ +I AG I+ IN
1 1 A) 4 + AG 4 +( N4

M-303 (A-A)3 + (A-C)' + (I-N) I+ (A-~ + (AGl+ (I-N
34 A-A 4  (AG 3  -N 4

MI-304 (A-A)I + (A-G4l + (I-NIl + (A-A)l + (A-Gjl + (L-N)l

M-30S (A-A)' + (A-G)l + (I-N) I + (-)I + (AGI + (-

II I I II II II II

M-306 (A-A) 3  + (A-C) 3  + (I-N)3II + (A-A)4II (A-C)4II + (A-C)4II

III III III III IIIIIM-307 (A-A)1  + (A-C)5  + (I-N)5  + (A-A)2  + (A-G)6  + (I-N)6

M-308 (A-A)5II + (A-C) 1II + (I-N)7II + (A-A)6 III (A-C)2II + (I-N)8
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TABLE 63. TRANSPORT COIPOSITE BASELINE SPECTRUM G-A-G

Type
ofa ksi ksi

Flight min' max

Assault -6.4 12.7

Assault -6.4 12.9

Training -8.9 12.7

Training -8.9 10.4

Assault -6.4 10.3

Assault -6.4 12.7

Assault -6.4 12.9

Training -8.9 12.7

Training -8.9 10.4

Assault -6.4 10.3

Assault -6.4 12.7

Assault -6.4 12.9

Training -8.9 12.7

Training -8.9 10.4

Assault -6.4 10.3

Assault -6.4 12.7

Assault -6.4 12.9

Training -8.9 12.7

Training -8.9 10.4

Logistics -11.5 10.3

Assault -6.4 14.0
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TABLE 64. 2219-T851 ALUMlINUMt CHEM1ICAL CONTENTS

Chemical Properties

$Heat No. Al Mg Mn Zn Z4 Si Fe Cu Ni

7430252D 0.20 0.02 0.05 0.10 5.8
0.02 .40 .10 .15 .25 6.8

Cr Ti Th Ca c S P others

Each
0.20 0.05 max

Total
0.10 .30 0.15 max

TABLE 65. 2219-T851 ALUMINUM PHYSICAL PROPERTIES

Heat No. Yield Strength Tensile Strength Percent Elongation

7430252D 46,000 min (psi) 62,000 min (psi) 8 min

NOTES: 1. 2219-T851 aluminum QQ-A-250/30, 1/4- x 48- x 144-inch plates

] 2. Mill source: Reynolds Aluminum Co
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TABLE 66. SU4MARY OF TEST RESULTS FOR FIGHTER BASELINE SPECTRA

Test Life. NB
Crack Groth

Test No. Baseline Spectra (Ci to Cf) (in.) Cycles Flights

F-B-1 Air-to-air 0.145 to failure 73,552 2,829

F-B-2 Air-to-ground .145 to failure 102,677 5,403

F-B-3 Instrumentation & Navigation .148 to failure 167,721 30,142

F-B-4 Composite .145 to failure 106,705 5,11-

TABLE 67. SUIMARY OF TEST RESULTS FOR FIGHTER SPECTRUM VARIATIONS

Crack Growth Test Life, N-
(Ci to Cf)

Test No. Spectrum Variations (in.) Cycles Flights

FB-V-A-l Comp loads set to zero 0.145 to failure 88,528 3,405

FB-V-A-2 Comp loads set to zero .150 to failure 103,161 5,429

FB-V-A-3 Comp loads set to zero .145 to failure 193,202 34,-20

FB-V-A-4 Comp loads set to zero .145 to failure 123,689 5,995

FB-V-B-3 DLS = 25 ksi .145 to .83 222,331 40,080
FB-V-B-4 DLS = 25 ksi .145 to .61 159,514 7,736

FB-V-C- DLS = 35 ksi .145 to failure 33,616 1,293

FB-V-C-2 DLS = 35 ksi .145 to failure 55,045 2,897
FB-V-C-3 DLS = 35 ksi .145 to failure 106,164 19,073
FB-V-C-4 DLS = 35 ksi .145 to failure 47,683 2,303

FB-V-D-l High load clipping at 85% .145 to failure 50,414 1,939

FB-V-D-4 High load clipping at 85% .145 to failure 60,480 2,924
FB-V-F-4 35% truncation .150 to failure 75,723 4,864

* FB-V-G-4 45% truncation .148 to failure 52,293 5,171
FB-V-H-4 55% truncation .145 to failure 35,414 6,833

FB-V-E-4 High load clipping at 95% .145 to failure 79,490 3,847

FB-V-I-4 Mission sequence A .145 to failure 102,459 4,965

FB-V-J-4 Mission sequence B .145 to failure 90,576 4,392

F1B-V-K-4 Comp load increased 25% .145 to failure 98,635 4,775

FB-V-L-4 comp load increased 50% .145 to failure 89,721 4,347
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TABLE 68. COMPARISON OF CRACK LIVES FOR A-A MISSION
SPECrRUM VARIATIONS TO A-A BASELINE SPECTRU

Crack Growth Test Life, NV
(Ci to Cf)

Test No. Spectrum Variation (in.) Cycles NV/NB

FB-V-A-l Comp loads set to zero 0.145 to failure 3,405 1.2

FB-V-C-l DLS = 35 ksi .145 to failure 1,293 0.46

LP '-D-I High loads clipped at 85% .145 to failure 1,939 0.69

TABLE 69. COMPARISON OF CRACK LIVES FOR A-G MISSION
SPECTRUM VARIATIONS TO A-G BASELINE SPECTRUM

Crack Growth Test Life, NV
(Ci to Cf)

Test No. Spectrum Variation (in.) Cycles N,/NB

FB-V-A,2 Comp loads set to zero 0.150 to failure 5,429 1.03

FB-V-C-2 DLS = 35 ksi .145 to failure 2,397 0.54

TABLE 70. COMPARISON OF CRACK LIVES FOR I-N MISSION
'* SPECTRUM VARIATIONS TO I-N BASELINE SPECTRUM

Crack Growth Test Life, NV{Ci to Cf)
Test No. Spectrum Variation (in.) Cycles Nv/NB

FB-V-A-3 Comp loads set to zero 0.148 to failure 34,719 1.15
FB-V-B-3 DLS = 25 ksi .148 to .83 40,078 2.61
FB-V-C-3 DLS = 35 ksi .148 to failure 19,072 0.63
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TABLE 71. COMPARISON OF CRACK LIVES FOR COMPOSITE MISSION
SPECTRI VARIATIONS TO COMPOSITE BASELINE SPECTRUM

Test Life, NV

Crack Growth
(Ci to Cf) Flights

Test No. Spectrum Variations (in.) (Cycles) N/NB

FB-V-A-4 Comp loads set to zero 0.145 to failure 5,995 1.16
(123,689)

FB-V-B-4 DLS = 25 ksi .145 to .61 7,736 3.08
(159,514)

FB-V-C-4 DLS = 35 ksi .145 to failure 2,303 .45
(47,683)

FB-V-D-4 High loads clipped at 85% DLS .145 to failure 2,924 .57
(60,480)

FB-V-F-4 Low-load truncation at .150 to failure 4,864 .94"
35% DLS (75,723)

FB-V-G-4 Low-load truncation at .148 to failure 5,171 1.01*
45% DLS (52,293)

FB-V-H-4 Low-load truncation at .145 to failure 6,833 1.32*
55% DLS (35,414)

FB-V-E-4 High loads clipped at 95% DLS .145 to failure 3,847 0.74
(79,490)

FB-V-I-4 Mission sequence A .145 to failure 4,965 0.96
(102,459)

FB-V-J-4 Mission sequence B .145 to failure 4,392 0.85
(90,576)

FB-V-K-4 Comp load increased 25% .145 to failure 4,775 0.92
(98,635)

FB-V-L-4 Camp load increased 50% .145 to failure 4,347 0.84
(89,721)

*Based on flights
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TABLE 75. FIGHTER BASELINE AND SPECTRUM VARIATION TESTS

COMPARISON OF PREDICTION ACCURACIES, CRKGRO VERSUS FLTFRO

Test Life CR-(GRO Prcdict ion FLTGRO Predictions

Mission ! T, Fit (cyc) w/o Load Interaction Load Interaction

Test No. Type (Ci-Cf), iiA. Np Np/NT  Np Np/.T  Np Np/N

2,829 (73,552) 1,573 2,1S3 2,681 0.95
F-B-I A-A baseline (0.145 to failure) (41,139) 0.St (55,164) 0.75

S,403 (102,677) 3,934 4,949
F-B-2 A-G baseline (0.148 to failure (74,954) .73 (94,43) .92 6,9t7 1.29

30,142 (167,721) 19,S95 28,584
F-B-3 I-N baseline (0.145 to failure) (109,019) .65 (159,335) .95 3b,308 1.20

Composite 5,174 (100,70S) 2,490 3,31'
F-B-4 baseline (0.148 to failure) (51,218) .48 (68,291) .o4 3,779 .73

A-A 3,405 C88,528) 1,573 3,021
FB-V-A-I zero comp (0.145 to failure) (40,723) .46 (78,790) .89 3,095 1.08

A-G 5,429 (103,11) 3,79t 5,82u
FB-V-A-2 zero comp (0.15 to failure) (72,213) .70 (110,382) 1.07 8,024 1.48

I-N 34,720 (193,202) 19,944 34,955
FB-V-A-3 zero comp (0.145 to failure) (110,125) .57 (195,134) 1.01 42,023 1.21

Composite 5,995 (123,689) 2,491 4,965
FB-V-A-4 zero comp (0.145 to failure) (51,949) .42 (102,0o2) .83 5,442 .91

I-N 40,080 (222,331) 3t,875 54,18t
FB-V-B-3 DLS - 25 ksi (0.145 to 0.83) (204,544) .92 (300,147) 1.35 68,182 1.-u

Composite 7,736 (159,514) 4,302 5,99I
FB-V-B-4 DLS = 25 ksi (0.145 to 0.61) (89,328) .56 (121,231) . -,416 9

A-A 1,293 (33,610) 878 1,1111

FB-V-C-1 DLS = 35 ksi (0.145 to failure) (22,859) .,8 (28,574) .85 1,442 1.11

A-G 2,80 -(55,045) 2,1 70 2,'100 "t

FB-1-;-2 [5[3 - 35 ksi (0.145 to failure) (41,284) .75 (51,192) .,)3 3,951 1.3

I-N 19,073 (1 0o, Io4 ) 1),955 Io,00)
FB-V-C-3 DLS 35 ksi (0.145 to failure) (w4),5131 .5 (89,1-8) .84 201,834 1.(19

Composite 2,303 (47,683) 1,2-3 1,855
FB-V-C-4 IlLS 35 ksi (0.14S to failure (2o,22ol .SS (38,!4oi .80) 2,0-3 .. 1)
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TABLE 75. FI(IHTER BASELINE AND SPECTRUM VARIATION TESTS
COM'PARISON OF PREDICTION ACCURACIES, CRKGRO VERSUS FLTGRO (CONr)

I'est Life 4:RK;RO lredict ion I. GRO Predi ct ion,

.5lission NT, IlIt (cyc) ,/o L.oad Interact ion Load Interaction

le+t No. Iv') iC, in. Np \p/NT  Np NP/NT ,p %I,/\ I

A\-A 1,939 1540,414) 1,)53 1,922
IV'\ -1 85'. 1- (4). 145 to failure) (42,852) 0.85 (49,911) 4.99 3,827 1.4-

Icl i)p)ing

Composite 2,924 4t)0(,4804 2,Si 3,134
I B-%-D-4 85 " I1S (0.145 to failure, (52,0413) .8o (t)4,'-14) l.11- 4,331 1.48

.\-. f 2,133 (55,407) l,u18 1,99)
IB-I-I-I 95'2 DLS 10.145 to failure) (42,009) .7o (51,-39) .93 2,$004 1.31

c I1 II)~i ng

tComo si t C .,841 1-9,4901 2,493 3,298
I-k-I.-4 15 I)I.S (01.145 to failure) (51,506) .5 (t)',979) .8o 4,32

=  
1.12

cl ip i)ig

CofllloSite 4,8)4 (75,723) 2,493 3,1 3
I4-1--- 35. I)LS 10.145 to failure) (38,0191 .51 (51,492) .) 8 3,818 .78

t runcat ion

Composite 5,1,1 452,234 2.9445 3,241
II -\---4 45'. DI.s (o. 118 to flailurej 429,284 4 .So (3-. t 11 .72 4,464 .8

t I'tlicat ionl

tomi4),OI t C o,833 (35,414) 3.933 5,1=1
IB14-k - - 352 IDI.S 4w.l14. to failure) 1210,540) .58 (20,915) .-t 0,0O404 .88

t rtu IL .t lol

cOmpl4o1O tc 4,9tuS I L)'2,49 1 ,4 .1t 3,333
I -k-1-4 mision 04.14; to failure) (.l,4451 .su l08,911 .t) 3,911 .79

,equence 1 \1

t1Ol4)0.ItC 4,392 494,5T'0 2, 18 3,302
41 4--I- m ,l' .ol (U. 14 5 

to failurc) j51-,349) .5' 09,344 .7- 4,-A .95
"eqIulle IlB)

O('1)-1lt C 4,--5 (98,035) 2,-[91 3,111

I-\ K-I omp load (1).14.; to failurc) 451,4454 .S- io4,243) .) 3,5o1 .-
IIc reaoted 25

)i 4,14- 48,21 2,491 2,905
F4-k-L-4 coll) load 40.145 to failure) (51,445) .5- (59,99-) .o7 3,30 .- S

nca.ed 5442ed
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TABLE 75. FIGHITER BASELINE AND SPECTRUM VARIATION TESTS
COMPARISON OF PREDICTION ACCURACIES, CRKGRO VERSUS FLTGRO (CONCL)

lest Life CRXGRO Predictions FI.TG1RO Predict ions

Mission Or.- I1t (eve) w/o Load Interaction Load Interaction

lest No. Typ~e (ce-cf), in. Np Np/'4T Np N/NNP Np/N'v-

Mission mix 3,895 (o8,833) 3,580 4,765

N-301 variation A-1 (0.133 to failure) 0.92 1.22 4,384 1.13

Mis.sion mix 4,12- (1,92S) 3.459 4,417
*M-302 variation A-2 (0.14S to failure) .84 1.0- 4,151 1.1

Mission mix 5,258 (-9,5-4j 4,348 5,941
%1\-3o3 variation A-3 (0.14S to failure) .83 1.13 5,139 .93

Mission mix 4,839 75,084) 3,ou4 5,107
Ni- 34 variation A-4 (0.150 to failure) . 7o 1.05 4,494 .i

Mission mix 4,390 (75,o41) 3,131 4,178

NI-305 variation A-5 (0.150 to failure) .71 .95 3,79.8

Mission mix S,ob- (9b,86-) 3,111 4,843
N1-30t0 variation 8-1 (0.145 to failure) (53,3S41 .55 (82,785) .85 5,280 .93

Mission mix 5,583 (92,031) 2,905 3,935
M-30' variation B-2 (0.148 to failure) (4-,985) .52 (C)4,925) .-1 4,434 9

Mission mix 13,296 (18u,390) 4,o41 9,382

N1-308 variation B-3 (0.148 to failure) (03,087) .35 (131,55o) .71 7,o20 5

Average prediction ratio 0.0o4 o.88 10

Standard deviation 0.15 0.11 0. t,
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TABLE 77. WARY OF CORRELATION RESULTS

Average Standard
Analytical prediction methodology Np/NT deviation

CRKGRO load interaction 0.88 0.17

CRKGRO without load interaction 0.64 0.15

FLTGRO load interaction 1.04 0.26
-4-

4 CRKGRO load interaction 1.22 0.26U

"O CRKGRO without load interaction 1.59 0.26

M FLTGRO load interaction 1.50 0.34

3
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TABLE 78. CIMPARISON OF PREDICTION ACCURACY FOR FI(HTER SPECTRA
CASES - NEW VERSUS OLD EQUATIONS

Test Life CRKGRO Prediction

Mission NT, Flt (cyc) New Equation Old Equation

Test No. Type (Ci-Cf), in. Np Np/NT  Np Np/NT

2,829 (73,552) 2,225 2,153
F-B-1 A-A baseline C0.145 to failure) (57,861) 0.79 (55,164) 0.75

5,403 (102,677) 5,073 4,949
F-B-2 A-G baseline (0.148 to failure (96,395) .94 (94,463) .92

30,142 (167,721) 27,775 28,584
F-B-3 I-N baseline (0.145 to failure) (154,437) .92 (1S9,335) .95

Composite 5,174 (106,705) 3,317 3,317
F-B-4 baseline C0.148 to failure) (68,490) .64 (68,291) .64

A-A 3,405 C88,528) 3,021 3,021
FB-V-A-1 zero camp C0.145 to failure) (78,790) .89 (78,790) .89

A-G 5,429 (103,161) 5,826 5,826
FB-V-A-2 zero comp (0.15 to failure) (110,382) 1.07 (110,382) 1.07

I-N 34,720 (193,202) 34,955 34,955
FB-V-A-3 zero comp (0.145 to failure) (195,134) 1.01 (195,134) 1.01

Composite 5,995 (123,689) 4,965 4,965
FB-V-A-4 zero comp C0.145 to failure) (102,662) .83 (102,662) .83

I-N 40,080 (222,331) 52,552 54,186
FB-V-B-3 DLS = 25 ksi (0.145 to 0.83) (292,421) 1.31 (300,147) 1.35

Composite 7,736 (159,514) 5,913 5,909
FB-V-B-4 DLS = 25 ksi (0.145 to 0.61) (122,100) .77 (121,231) .76

A-A 1,293 (33,616) 1,173 1,101
FB-V-C-1 DLS = 35 ksi (0.145 to failure) (30,507) .91 (28,574) .85

A-G 2,867 (55,045) 2,774 2,706
FB-V-C-2 DLS = 35 ksi (0.145 to failure) (52,706) .96 (51,192) .93

I-N 19,073 (106,164) 15,520 16,000
FB-V-C-3 DLS = 35 ksi (0.145 to failure) (86,401) .81 (89,178) .84

Composite 2,303 (47,683) 1,856 1,855
FB-V-C-4 DLS = 35 ksi (0.14S to failure (38,257) .80 (38,146) .80
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TABLE 78. COMPARISON OF PREDICTION ACCURACY FOR FIGHTER SPECTRA
CASES - NEW VERSUS OLD EQUATIONS (CONT)

Test Life CRKGRO Prediction
Mission NT, Fit (cyc) New Equation Old Lquation

Test No. Type (Ci-Cf), in. Np Np/NT Np Np/NT

A-A 1,939 (50,414) 1,982 1,922
FB-V-D-1 85t DLS (0.145 to failure) (51,532) 1.02 (49,910) 0.99

clipping

Composite 2,924 (60,480) 3,209 3,134
FB-V-D-4 85% DLS (0.145 to failure) (66,229) 1.10 (64,7141 1.07

clipping

A-A 2,133 (55,467) 2,061 1,990
FB-V-E-1 95% DLS (0.145 to failure) (53,583) .97 (51,739) .93

clipping

Composite 3,847 (79,490) 3,314 3,298
FB-V-E-4 95% DLS (0.145 to failure) (68,399) .86 (67,979) .8b

clipping

Composite 4,864 (75,723) 3,137
FB-V-F-4 35% DIS (0.145 to failure) (51,666) .68 (51,492) .o8

truncation

Composite 5,171 (52,293) 3,729
FB-V-G-4 45% DLS (0.148 to failure) (39,773) .76 (37,651) .72

truncation

Composite 6,833 (35,414) 5,171
FB-V-H -4 55% DLS (0.145 to failure) (27,805) .79 (26,915) .76

truncation

Composite 4,965 (102,459) 3,317 3,333
FB-V-I-4 mission (0.145 to failure) (68,489) .67 (68,911) .67

sequence (A)

Composite 4,392 (90,576) 3,3h 2  3,362
FB-V-J-4 mission (0.145 to failure) (69,344) .77 (69,344) .77

sequence (B)

Composite 4,775 (98,035) 3,109 3,111
FB-V-K-4 comp load (0.145 to failure) (64,183) .65 (64,243) .65

increased 25%

Composite 4,347 (89,721) 2,903 2,905
FB-V-L-4 comp load (0.145 to failure) (59,937) .67 (59,997) .o7

increased 50%
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TABLE 78. COMPARISON OF PREDICTION ACCURACY FOR FIGHTER SPECTRA
CASES - NEW VERSUS OLD EQUATIONS (CONCL)

Test Life CRKGRO Predictions

Spectrum NrT, Fit (cyc) New Equation Old Equation

Test No. Type (Ci-Cf), in. Np Np/NT  Np Np/NT

Mission mix 3,895 (t8,833) 4,443 4,705
M-301 variation A-i (0.135 to failure) 1.14 1.22

Mission mix 4,127 (71,925) 4,234 4,417
M-302 variation A-2 (0.145 to failure) 1.03 1.07

Mission mix 5,258 (79,574) 5,511 5,941
M-303 variation A-3 (0.145 to failure) 1.05 1.13

Mission mix 4,839 (75,084) 4,701 5,107
M-304 variation A-4 (0.150 to failure) .97 1.0S

Mission mix 4,390 (75,641) 3,895 4,178
.I-305 variation A-S (0.150 to failure) .89 .95

Mission mix 5,667 (9(,8W7) 4,637 4,843
M-30o variation B-1 (0.145 to failure) (79,263) .82 (82,785) .85

Mission mix 5,583 (92,031) 3,935 3,935
M-307 variation B-2 (0.148 to failure) (64,925) .71 (64,925) .11

Mission mix 13,296 (18b,390) 7,528 9,382
M-308 variation B-3 (0.148 to failure) (105,582) .57 (131,55b) .71

Average prediction ratio .87 .88

Standard deviation .17
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TABLE 80. RESULTS OF SENSITIVITY siMr ON4 R~u VALUES TO
PRH)ICTI(14 RATIO, NY/NT ct

Tet .- 0.75 -0.50 -0.25

T-B-V-4 NJ/NT - 0.53 NJ/NT - 1.10 NJ/NT - 1.73

T-B-V-5 NJ/N T - 0.64 Np/NT -l.09  NJ/NT=l1. 72

F-B-4 N/NT - 0 .64  NJ/NT - 0.66  NP/NT - 068

F-B-V-B-3 NJ/NT - 1.31 NJ/NT - 1.35 NJ/NT - 1.36
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TABLE 81. CCMPARISON OF PREDICTION ACCURACY FOR FIGHTER SPECTRMI CASES -

WITH VARYING NEGATIVE STRESS RATIO CUTOFF VALUES

Test Life CRKGRO Prediction
• R+ = 0.75 R = 07

Mission NT, Flt (cyc) Load interation R -=-0,7 Load interaction R- 0.75

Test No. Type (Ci-Cf), in. Np p/NT '  P Np/.i1 ,

2,829 (73,552) 2,225 2,243
F-B-1 A-A baseline (0.145 to failure) (57s,861) 1.79 (58,324) 0.79

5,403 (102,077) 5,o()- 5,112
F-B-2 A-f baseline (0.148 to failure (06,395) .94 (97,121) .95

30,142 (167,721) 2",-528,480
F-B-3 I-N baseline C0.145 to failure) (154,137) .92 (158,491) .94

Composite 5,174 (106,705) 5,31 3,423
F-B-4 baseline (0.145 to failure) ( 8,490) .(14 (70,682) .66

A-A 3,405 (88,528) 3,021 3,020
FB-V-A-1 zero comp C0.145 to failure) (-8,-90) .89 (78,542) .89

A-G 5,429 (103,161) 5,82" 6,052
FB-V-A-2 zero comp (0.15 to failure) (110,382) 1.07 (114,992) 1.11

I-N 34,720 (193,202) 34,955 35,680
FB-V-A-3 zero comp (0.145 to failure) 19S,134) 1.01 (198,541) 1.03

Composite 5,995 (123,089) 4,570 4,965
FB-V-A-4 :ero comp (0.145 to failure) (94,388) .76 (102,458) .83

I-N 40,080 (222,331) 32,552 53,994

FB-'-B-3 DLS = 25 ksi (0.145 to 0.83) 292,121) 1.31 (300,444) 1.35

Composite 7,-3o (159,514) 5,'13 6,021
I:i-V-B-4 I)LS = 25 ksi (0.145 to 0.61) 1122,10) .-7 (124,354) .78

A-A 1,293 (33,o10) 1 ,13 1,173
11-V-C-I LIS = 35 ksi (U.145 to failure) 30,5(r) .01 (30,506) .91

A-( 2,8o7 (55,045) 2,'-1 2,810
FB-V-C-2 0I.S = 35 ksi (0.145 to failure) (52,0(1 .!6 (87,686)

1-N 19,073 (100,104) 1S 0 15,734
l-B-V-C-3 Di.S = 35 ksi (0.145 to failure) (86,101) .81 (87,686) .83

Composite 2,303 (47,o83) 1,850 1,873
FB-V-C-4 111.S 35 ksi (0.145 to failure I38,_5) .80 (38,707) .81

A-A

85. DLS 1,939 (50,414) 1,982 1,984
'B-V-D-1 clipping (0.145 to failure) (51,532) 1,02 (51,591) 1.02

(mposite 2,924 (60,480) 3,209 3,221
FS-V-D-4 clipping (0.145 to failure) (06,229) 1.10 (66,528) 1.1

A-A

95, S 133 (55,407) 2,051 2,051

FB-V-E-1 Clipping (0.145 to failure) (53,333 .96 (53,333) .9o

Composi t e95Cm DpS 3,847 (79,190) 3,314 3,317

)2BV4E4 clipping (0.145 to failure) (68,399) .At (68,491) .8)
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TABLE 81. COMPARISON OF PREDICTION ACCURACY FOR FI(IiTER SPECTRLH CASES -
WITH VARYING NEGATIVE STRESS RATIO CUIOFF VALUES (CONCL)

Test Life CRKGRO Prediction
R 0.75 - 0.75 ]

Mission NT, Fit (cyc) Load interaction R+- 0.75 Load interactionR+ =-0.50

Test No. Type CC-Cf), in. Np Np Np/%

Composite 4,864 (75,723)
35% D S (0.145 to failure (51,666) 0.68 (52,051) 0.69

FB-V-F-4 truncation

Composite 5,171 (52,293)
45-G Dt S (0.148 to failure) (39,773) .76 (39,835) .76FB-V-G-4 truncation

Composite 6,833 (35,414)
55% DIS (0.14S to failure) (27,80S) .79 (27,830) .79

FB-V-H-4 truncation

Composite 4,965 (102,459) 3,317 3,423
mission

FB-V-I-4 sequ3nce (A) (0.145 to failure) (68,489) .67 (70,682) .69

Composite 4,392 (90,576) 3,362 3,379
mission

FB-V-J-4 sequence (B) (0.145 to failure (69,344) .77 (69,767) .77

Composite 4,775 (98,635) 3,128 3,163
comp load (0.145 to failure (64,666) .b6 (65,391) .66FB-V-K-4 increased 25 _

Composite 4,347 (89,721) 3,092 3,111
comp load (0.145 to failure (63,733) .71 (64,244) .72

FB-V- L-4 increased 50%

Mission mix 3,895 (68,833) 4,475 4,526
M-301 variation A-I (0.135 to failure) 1.15 (79.994) 1.16

Mission mix 4,127 (71,925) 4,234 4,243
M-302 variation A-2 (0.145 to failure 1.03 (73,970) 1.03

Mission mix 5,258 (79,574) 5,511 5,611

M-303 variation A-3 (0.145 to failure 1.05 (8S,452) 1.07

Mission mix 4,839 (75,084) 4,701 4,770
M-304 variation A-4 (0.150 to failure) .97 (74,070) .99

Mission mix 4,390 (75.641j 3,895 3,946
M-305 variation A-S (0.10S to failure) .89 (68,384) .90

Mission mix S,667 (9b,867) 4,347 4,553
M-30b variation B-i (0.145 to failure) (74,474) .77 (77,972) .80

Mission mix 5,583 (92,031) 3,935 3,952
%-307 variation B-2 (0.148 to failure) (64,925) .71 (65,348) .71

Mission mix 13,296 (186,390) 7,940 7,940
M-308 variation B-3 (0.148 to failure) (111,3S3) .60 (111,353) .60
Average prediction ratio .87 .88

Standard deviation .17 .17

197



r- tno
u et-

N 0

0.~r -c a.c 0-

- 0
a . .. n

-n -o 00 0

r.L~~~a _ __ _ __ _ _ _

0.n
- 0 00n

tn C:) C)0

r.Ln
*-c Lf .'0Na

('- -c m o tn

cc 'n -n. '0
z~ '0 ON CIO

10 r I

C'. - -

n r- -6 fl. '0C n -t

el -o CD 00

:dl u T.00

C "0 r-tnb
00 41 a) v)~J a.

~~.~ -0, 1-0~ I'

In~~L -- -?0 oU .o ~
* N'0 a.Lt In' '0I -~ 0. 06 I.

i-.-' '0'4 ..CJ I3 ~ 'J r a198



REFERENCES

1. Anon, "M$ilitary Standard, Aircraft Structural Integrity Program, Ai-plane
Requirements," MIL-STD-1530A, December 1975

2. Chang, J. B., Stolpestad, J. H., Shinozuka, M., and Vaicaitis, R.,
"Improved Methods for Predicting Spectrum Loading Effects - Phase I
Report, Volume I - Results and Discussion," AFFDL-TR-79-3036, Vol I, Air
Force Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio,
1979

3. Chang, J.B., and Stolpestad, J.H., "Improved Methods for Predicting Spec-
trum Loading Effects - Phase I Report, Volume II - Test Data, "AFFDL-TR-
79-3036, Vol II, Air Force Flight Dynamics Laboratory, Wright-Patterson
Air Force Base, Ohio, 1979

4. Chang, J.B., and Szamossi, M., "A User's Manual for a Detailed Level
Fatigue Crack Growth Analysis Computer Code, Volume I - the CRKGRO Pro-
gram," AFWAL-TR-81-3093, Vol I, Air Force Wright Aeronautical Laboratories,
Flight Dynamics Laboratory, Wright-Patterson Air Force Base, Ohio, 1981

5. Chang, J.B., and Szamossi, M., "A User's Manual for a Computer Program to
Predict Fatigue Crack Growth on Flight-By-Flight Basis (FLTGRO)" AFWAL-TR-
81-3094, Air Force Aeronautical Laboratories, Flight Dynamics Laboratory,
Wright-Patterson Air Force Base, Ohio, 1981

6. Kruse, G.S., Tanner, C.J., and Wilson, P.J., "User's Manual for APAS III,
Volume 1, "CASD-NAS-76-028, General Dynamics Convair Division, San Diego,
California, 1976

7. Oman, B.H., Kruse, G.S., and Reed, T.F., "Structural Technology Evalua-

tion Program (STEP), Vol I - Basic Technical Report," AFFDL-TR-77-110,
Air Force Flight Dynamics Laboratory, WPAFB, Ohio, 1978

8. Anon, "Tentative Test Method for Constant Amplitude Fatigue Crack Growth
Rate Above 10-8 m/cycle," E647-78T, Annual Book of ASTh Standards, Part
10, Metals-Physical Mechanical Corrosion Testing, American Society for
Testing and Materials, Philadelphia, Pennsylvania, 1979

9. Paris, P.C., Gomez, M.P., and Anderson, W.E., "A Rational Analytic
Theory of Fatigue," The Trend in Engineering, Vol 13, No. 1, 1961

10. Forman, R.G., Hearney, V.E., and Engle, R.M., "Numerical Analysis of
Crack Propagation in Cyclic-Loaded Structures," Journal of Basic
Engineering, Trans of ASME, Vol 89, 1967

199

L______________________________________



11. Walker, K., "The Effect of Stress Ratio During Crack Propagation and

Fatigue for 2024-T3 and 7-75-T6 Aluminum," ASTM STP 462, American

Society for Testing and Materials, 1970

12. Collipriest, J.E., Jr., and Ehret, R.M., "Computer Modeling of Part-
Through-Crack Growth," SD72-CE-15, Rockwell International, Space

Division, 1972

13. Hall, L.R., Shah, R.C., and Engstrom, W.L., "Fracture and Fatigue Crack
Growth Behavior of Surface Flaws and Flaws Originating at Fastener Holes,"
AFFDL-TR-74-47, Air Force Flight Dynamics Laboratory, WPAFB, Ohio, 1974

14. Bell, P.D., and Creager, M., "Crack Growth Analyses for Arbitrary
Spectrum Loading," AFFDL-TR-74-129, Air Froce Flight Dynamics Laboratory,
WAPB, Ohio, 1974

15. Hudak, S.J., Jr, Saxener, A., Bucci, R.J., and Malcolm, R.C., "Develop-
ment of Standard Methods of Testing and Analyzing Fatigue Crack Grcwth
Rate Data," AFIL-TR-78-40, Air Force Materials Laboratory, WPAFB, Ohio,

1978

16. Chang, J.B., "Improved Methods for Predicting Spectrum Loading Effects -
First Quarterly Technical Interim Report," NA-78-491, Rockwell Inter-
national, North American Aircraft Division, Los Angeles, California 1978

17. Chang, J.B., Klein, E., and Cheng, J.S., "Automated Procedures for
Fatigue Crack Growth Test Data Processing and Presentation (PLOTRATE
User's Guide)," NA-78-860, Rockwell International, 1979

18. Wheeler, O.E., "Spectrum Loading and Crack Growth," Transaction of the
ASME, Journal of Basic Engineering, pp 181-186, March 1972

19. Willenborg, J., Engle, R.M., and Wood, H.A., "A Crack Growth Retardation
Model Using an Effective Stress Concept," AFFDL-TR-71-1, January 1971

20. Vroman, G.A., "Analytical Prediction of Crack Growth Retardation Using
a Residual Stress Concept," Briefing Charts, Rockwell International,

North American Aircraft Division, May 1971

21. Flber, ., "The Significance of Fatigue Crack Closure," ASTM STP 486,
Damage Tolerance in Aircraft Structures, American Society for Testing
and Materials, 1971, pp 230-242

22. Bell, P.D., and Wolfman, A., "Mathematical Modeling of Crack Growth
Interaction Effects," ASTM, STP 595, Fatigue Crack Growth Under Spectrum
Loads, American Society for Testing and Materials, 1976

200

i



23. Dill, H.D., and Saff, C.R., "Spectrum Crack Growth Prediction Method Based
on Crack Surface Displacement and Contract Stress," ASTM STP 595, Fatigue
Crack Growth, American Society for Testing and Materials, May 1976

24. Chang, J.B., Engle, R.M., and Stolpestad, J., "Fatigue Crack Growth
Behavior and Life Predictions for 2219-T851 Aluminum Subjected to
Variable-Amplitude Loadings," presented at the 13th National Symposium
on Fracture Mechanics, 16-18 June 1980, Philadelphia, Pennsylvania

25. Bueckner, H.F., "A Novel Principle for the Computation of Stress
Intensity Factors," Z. Angew, Match Mech, Vol 50, 1970

26. Gallagher, J.P., "A Generalized Development of Yield-Zone Models,"
AFFDL-Th-74-28, Air Force Flight Dynamics Laboratory, Wright-Patterson
Air Force Base, Ohio, 1974

27. Hsu, T.M., and Lassiter, L.W., "Effect of Compressive Overload on Fatigue
Crack Growth," AIAA paper 74-365, April 1974

28. Stevens, R.I., Chen, D.K., and Nom, B.W., "Fatigue Crack Growth With
Negative Stress Ratio Following Single Overloads in 2024-T3 and 7075-T6
Aluminum Alloy," ASTh, STP 595, Fatigue Crack Growth Under Spectrum
Loads, American Society for Testing and Materials, 1976

29. Chang, J.B., "Advanced Bomber Fracture Mechanics Correlation Studies,"
presented at the WESTEC Conference, Los Angeles, California, 1975

30. Chang, J.B., Streittmatter, S.P., and Tung, P.P., "Effect of B-1 Bomber
Spectra Variation on Crack Growth," NA-75-881, Rockwell International,
North American Aircraft Division, 26 March 1976

31. Chang, J.B., and Cheng, J.S., "Cost-Effective Fatigue Crack Growth Analysis
for Flight Spectrum Loading," NA-78-629, Rockwell International, North
American Aircraft Division, Los Angeles 1978

32. Wells, A.A., "Application of Fracture Mechanics at and Beyond General
Yielding," British Welding Research Assoc, Report M13/63, 1963

33. Chang, J.B., "Development of Fatigue Crack Growth Model for Flight
Spectrum Containing Compressive Load Cycles," NA-76-858, Rockwell

International, Los Angeles, 1977

34. Engle, R.M., "CRACKS, A Fortran IV digital Computer Program for Crack
Propagation Analysis," AFFDL-TR-70-107, Air Force Flight Dynamics
Laboratory, Wright-Patterson Air Force Base, Ohio, 1970

201



35. Shan, S.K., Numerical Methods and Computers, Addison-Wesley Publishing
Company, Inc, 1965

36. Johnson, W.S., "CGR, An Improved Computerized Model to Predict Fatigue

Crack Growth Under Spectrum Loading," NSRDC, Report 4577, 1975

37. Szamossi, M., "Crack Propagation Analysis by Vroman's Model, Program

EFFGRO," NA-72-94, Rockwell International, Los Angeles, 1972

38. Stolpestad, J., "Summary Report of the B-i Fracture Mechanics Analysis

Verification Test Program," NA-75-675, Rockwell International, Los
Angeles, California, 1975

39. Chang, J.B., Summary, ASTh, STP 687, Part-Through Crack Fatigue Life

Prediction, American Society for Testing and Materials, Philadelphia,

Pennsylvania, j979

40. Chang, J.B., "Improved Methods for Predicting Spectrum Loading Effects

Fifth Quarterly Interim Report," NA-78-491-5, Rockwell International,
North American Aircraft Division, Los Angeles, California

41. Bowie, O.L., "Analysis of an Infinite Plate Containing Radial Cracks
Originating from the Boundary of an Internal Circular Hole," Journal
of Mathematics and Physics, Vol 35, pp 60-71, 1956

42. Shah, R.C., and Kobayashi, A.S., "In the Surface Flaw Problem," The
Surface Crack: Physical Problem and Computation Solutions, American

Society of Mechani-al Engineers, New York, 1972

43. Newman, J.C., Jr., and Raju, I.S., "Analysis of Surface Crack in a
Finite Plate Under Tension or Bending Loads," NASA-TP-1578, NASA Langley
Research Center, Hampton, Virginia, 1979

44. Dowling, N.E., "Fatigue Failure Predictions for Complicated Stress Strain
Histories," University of Illinois, Urbana, Illinois, Report 337, 1971

45. Streittmatter, S., "A Method of Counting Spectrum Load Cycles," TFD-
72-358, Rockwell International, Los Angeles, 197.2

46. Clay, L.E., Sandlin, N.H., Mlarcock, D.S., Brown, K.E., Johnson, R.L.,
and David, J.C., "Force Management Method, Task I Report, Current

methods," AFFDL-TR-78-183, Air Force Flight Dynamics Laboratory, WPAFB,

Ohio, 1978

47. Gallagher, J.P., "Estimating Fatigue Crack Lives for Aircraft: Tech-
niques," Experimental Mechanics, Vol 16, No. 11, pp 425-453, November 1976

202

L 
........



48. Dill, H.D., and Young, M.T., "Stress History Simulation," Volume I,
A User's Manual for a Computer Program to Generate Stress History
Simulation, AFFDL-TR-76-113, Air Force Flight Dynamics Laboratory,
Wright-Patterson Air Force Base, Ohio, March 1977

49. Anon, Military Specification, "Airplane Damage Tolerance Requirements,"
MIL-A-83444, July 1974

50. Anon, Military Specification, "Airplane Strength and Rigidity Reliability
Requirements, Repeated Loads, and Fatigue," MIL-A-8866B, June 1975

51. Brussat, T.R., "Rapid Calculation of Fatigue Crack by Integration,"
Fracture Toughness and Slow-Stable Cracking, ASTM STPS59, 1974

52. Chang, J.B., and Cheng, J.S., "Cost-Effective Fatigue Crack Growth Analy-
sis for Flight Spectrum Loading," NA-78-629, Rockwell International, Los
Angeles, California, 1978

53. Poe, C.C., Jr., "Stress Intensity Factor for a Cracked Sheet With Riveted
and Uniformly Spaced Stringers," NASA-TR-R-358, Washington, D.C.,
May 1971

54. Chang, J.B., and Hiyama, R., "Improved Methods for Predicting Spectrum
Loading Effects - Seventh Quarterly Interim Report," NA-78-491-7,
Rockwell International, Los Angeles, California, 1980

55. Anon, "User's Manual for VDEP II, Computer Program to Assess Impact

of Fatigue and Fracture Criteria on Leight and Cost of Transport

Aircraft," CASD-CIH-75-001, General Dynamics, Convair Division, San
Diego, California, 1974

56. Chang, J.B., and K-W Liu, "Improved Methods for Predicting Spectrum
Loading Effects - Eighth Quarterly Interim Report," NA-78-491-8,
Rockwell International, Los Angeles, California 1980

57. Chang, J.B., "Improved Methods for Predicting Spectrum Loading Effects -

Ninth Quarterly Interim Report," NA-78-491-9, Rockwell International,
Los Angeles, California 1980

58. Chang, J.B., "Improved Methods for Predicting Spectrum Loading Effects -

Tenth Quarterly Interim Report," NA-78-491-i0, Rockwell International,
Los Angeles, California, 1981

203


